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This  thesis  initiated  a  feasibility  study  of  externally 
controlled  switches  using  microwave  excitation.  This  work 
was  to  complement  similar  work  that  is  being  done  with  elec¬ 
tron  beam  switches.  Since  the  microwave  equipment  needed 
to  externally  maintain  a  discharge  does  not  have  the  com¬ 
plexity  of  an  e-beam  machine,  this  approach  may  more  easily 
identify  optimum  parameter  ranges'  that  may  be  used  for  all 
switch  technology.  Initially,  a  simple  experiment  was  con¬ 
ceived  to  determine  the  current-voltage  characteristics. 

From  this,  the  magnitude  of  the  electron  drift  velocity  and 
its  dependence  on  electric  field  could  be  inferred.  Interest 
in  the  drift  velocity  has  come  from  the  observation  of  "nega¬ 
tive  differential  conductivity "  in  certain  gas  mixtures. 

More  experimental  data  in  this  area  would  help  verify  the¬ 
oretical  calculations  and  possibly  point  the  direction  for 
further  switch  research. 

As  the  experimental  work  proceeded,  results  indicated 
that  the  current-voltage  curve  was  influenced  by  sheath 
effects.  The  effort  then  was  redirected  toward  obtaining 
data  which  may  provide  a  better  understanding  of  discharges 
under  these  conditions. 

I  would  like  to  express  my  appreciation  to  the  AFWAL 
Energy  Conversion  Branch  for  their  support  in  this  experiment. 
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Dr  Alan  Garscadden  who  suggested  this  project.  His  presence 
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Abstract 
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Cold  cathode  discharges  in  argon  and  argon-nitrogen 
mixtures  were  investigated  experimentally.  Current-voltag 
characteristics  were  obtained  experimentally  for  these  in 
microwave  sustained  discharges.  The  current-voltage 
characteristics  show  current  saturating  at  low  values  of 
E/N  followed  by  a  rapid  increase  in  current  at  highe  It N. 
Lowke '  s  theoretical  investigation*-  of  gas  discharges  s- 
tained  by  an  external  ionizing  source  was  extended  t 
elude  microwave  excitation.  This  analysis  predicted 
similar  saturation  for  the  current  in  the  current-voltage 
characteristics . 


J.  J.  Lowke,  D.  K.  Davies,  J.  Appl.  Phys.  48(12): 


4991  (1977) . 


DISCHARGE  UNDER  THE  COMBINED 


INFLUENCE  OF  DC  AND  RF  FIELDS 

I .  Introduction 

At  the  heart  of  the  development  of  high  energy  physics, 
including  lasers  and  particle  beam  weapons ,  is  the  source  of 
power.  What  research  demands  now  is  megajoules  of  energy  on 
a  microsecond  time  scale.  The  most  critical  component  in 
pulse  power  systems  which  will  be  able  to  supply  this  power 
is  the  switch.  Of  particular  importance  are  switches  which 
are  not  limited  to  single  shot  or  low  repetition  rate  opera¬ 
tion.  Switching  for  repetitive  operation  is  considered  to 
be  one  element  that  is  pacing  particle  beam  and  shorter  wave¬ 
length  weapon  technology  (Ref  1:70).  In  the  past,  energy 
storage  devices  for  pulse  power  have  been  capacitors.  The 
energy  storage  density  of  inductive  systems  may  exceed  that  of 
capacitive  systems  by  an  order  of  magnitude  or  more.  With 
capacitive  energy  storage,  spark  gap  switches  are  commonly  used 
to  control  the  power  application  to  the  load.  Inductive 
systems  require  switches  that  will  open  as  well  as  close.  This 
can  not  be  accomplished  with  a  spark  ga_ .  Opening  circuits, 
in  which  current  drops  quickly  to  zero,  have  high  values  of 
di/dt.  With  the  voltage  developed  across  a  switch  V  =  L  di/dt, 
inductive  storage  (L)  and  fast  switch  off  create  switch  volt¬ 
ages  that  are  easily  beyond  the  stand  off  or  insulating  volt¬ 
age.  A  key  technological  problem  in  developing  an  inductive 
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energy  storage  system,  then,  is  the  opening  switch.  The  spark 
gap  is  not  capable  of  "switch  off"  and  is  difficult  to  operate 
in  a  repetitive  mode. 


Background 

To  gain  on/off  control  and  repetitive  operation,  re¬ 
searchers  are  looking  at  externally  sustained  discharges. 

When  the  external  source  of  ionization  is  removed,  the  dis¬ 
charge  will  extinguish  and  current  will  stop.  Lasers,  electron 
beams  and  radio  frequency  sources  are  all  under  consideration 
to  control  the  switching  discharge  (Ref  2) . 

A  computer  model  (Ref  3),  developed  by  Westinghouse  Elec¬ 
tric  Corporation  for  the  Aero  Propulsion  Laboratory,  compares 
the  performance  parameters  for  high  voltage  on/off  switches. 
Their  model  was  patterned  after  work  done  in  modeling  high 
power  lasers  and  used  an  electron  beam  to  sustain  the  dis¬ 
charge.  Their  results  indicate  that  performance  of  the  elec¬ 
tron  beam  switch  will  be  strongly  dependent  upon  the  discharge 
gas  properties.  These  include  high  dielectric  strength,  high 
values  of  electron  drift  velocity,  high  secondary  electron 
production  rate  by  the  control  beam  electrons,  and  low  recom¬ 
bination  rate  coefficients  (Ref  3) . 

With  electron  beam  ionization  as  a  source  of  conduction 
electrons,  the  discharge  becomes  a  volume  conductor  spreading 
the  current  flow  out  over  many  square  centimeters.  The  ef¬ 
ficiency  of  the  e-beam  switch  depends  on  the  current  gain  or 
ratio  of  current  switched  to  beam  current.  Bletzinger  (Ref  4) 


has  been  able  to  demonstrate  current  gains  of  as  high  as 
1000  in  methane.  Adding  argon  to  the  methane  improved  the 
conductivity  and  current  gain. 

Others  have  looked  at  the  non-self  sustained  discharge 
(Refs  5,  6,  7,  8).  Ward  (Ref  5:1852)  has  shown  the  effect 
of  a  variation  in  the  initial  photocurrent  density  on  the 
static  characteristics  of  argon  back  in  1958.  Averin 
(Ref  6:665),  in  his  theoretical  description  of  the  current 
voltage  characteristics  of  a  non  self-sustained  volume  dis¬ 
charge,  draws  attention  to  regions  of  negative  differential 
conductivity.  Zakharov  (Ref  7:1074)  studied  the  temporal 
evolution  of  an  externally  ionized  discharge.  The  region  near 
the  cathode  is  examined  and  Zakharov  also  sees  negative  dif¬ 
ferential  conductivity.  Lowke  and  Davies  (Ref  8:4991)  the¬ 
oretically  examined  externally  maintained  discharges  of  the 
kinds  that  would  be  found  in  gamma  ray  photoionization  and 
fission  fragment  ionization  chambers  and  the  electron  beam 
laser.  Hallada  (Ref  9)  later  extended  their  work  to  include 
effects  of  other  discharge  electron  generation  and  loss 
processes . 

As  opposed  to  considering  applications  solely  for  switch 
operation,  much  of  the  work  on  externally  sustained  discharges 
has,  like  those  mentioned,  used  nuclear  or  ionizing  radiation 
as  would  be  found  in  radiation  detectors  and  counters,  or  in 
the  area  of  electron  beam  discharges  that  may  be  applied  to 
laser  technology.  The  simultaneous  use  of  high  frequency 
electric  fields  to  sustain  a  discharge  while  examining  the  DC 


characteristics  has  been  considered  by  Yamamoto  and  Okuda 
(Ref  10:144).  They  looked  at  discharges  ranging  from  a  DC 
glow  to  the  space  charge  limited  case  in  which  the  DC  and  AC 
fields  were  perpendicular.  Lobov  and  Zakharov  (Ref  11:614) 
have  investigated  the  effect  of  a  microwave  field  on  the 
electron  drift  velocity.  They  found  that  the  addition  of 
microwave  power  resulted  in  an  increase  in  the  directional 
electron  velocity  with  a  consequent  rise  in  discharge  current. 
They  also  show  that  the  total  electron  energy  increases  in 
the  presence  of  the  microwave  field  and  that  the  energy  dis¬ 
tribution  function  becomes  broader,  its  peak  decreases  and 
moves  out  to  higher  energies. 

The  use  of  mixtures  of  gases  that  have  significantly  dif¬ 
ferent  properties  than  its  components  such  as  neon-argon 
Penning  mixtures  is  not  new.  Also,  the  use  of  electronegative 
gases  in  switches  is  a  standard  practice  to  increase  their 
insulating  properties.  Of  new  interest  is  the  change  in  the 
electron  drift  velocity  with  change  in  electric  field  and  its 
possible  application  in  switch  technology.  In  Ramsauer  gases 
(argon,  krypton,  and  xenon),  which  have  a  minimum  in  their 
momentum  transfer  cross-section,  the  addition  of  a  molecular 
gas  can  dramatically  influence  the  electron  drift  velocity. 

In  a  discharge,  this  results  in  a  negative  differential  con¬ 
ductivity  over  a  certain  range  of  E/N  which  may  have  an  im¬ 
portant  impact  on  the  optimization  of  switch  gas  mixtures,  par 
ticularly  in  terms  of  ON/OFF  operations. 


Nagy  (Ref  12:327)  found  that  even  a  small  amount  (0.1%) 
of  nitrogen  in  argon  has  considerable  effect  on  the  value  of 
drift  velocity.  Experiments  to  measure  electron  drift  veloc¬ 
ity  in  argon  have  often  given  strange  or  misleading  results. 

It  is  now  recognized  that  this  was  probably  due  to  impurities. 
Long  (Ref  13:471)  has  developed  an  analytical  approximation 
with  gas  type  related  constants  that  relate  the  drift  velocity 
to  the  amount  and  type  of  molecular  gas  in  argon  and  helium. 

Problem 

The  objective  of  this  experiment  was  to  obtain  current- 
voltage  characteristic  curves  for  a  microwave  excited  discharg 
The  discharges  examined  were  to  use  various  gases  including 
pure  argon,  helium,  and  specified  percentages  of  nitrogen 
mixed  in  argon. 

Assumptions 

The  major  assumptions  are  more  fully  developed  in  the 
theory  section.  First,  the  microwave  discharge  was  assumed  to 
be  a  uniform  plasma  between  the  electrodes.  Second,  it  was 
assumed  that  there  would  be  no  sheath  effects  that  would  alter 
the  uniformity  of  the  electric  field  between  the  electrodes. 
Third,  for  the  results  to  give  reasonable  information  as  to 
the  magnitude  of  the  drift  velocity,  it  was  assumed  that  the 
electron  mean  free  path  was  much  shorter  than  the  electrode 
separation.  Fourth,  the  ionization  rate  or  electron  produc¬ 
tion  due  to  the  microwaves  was  assumed  to  be  much  greater  than 


the  rate  of  loss  due  to  conduction 


Approach 

The  basic  procedure  used  to  generate  the  current-voltage 
characteristics  (I-VC)  was  to  vary  the  voltage  across  the 
microwave  discharge  while  monitoring  the  subsequent  current. 
This  began  by  using  a  function  generator  and  voltage  amplifier 
as  the  voltage  source.  After  the  discharge  tube  was  changed 
to  one  with  larger  electrode  separation,  the  voltage  source 
used  was  a  high  voltage  power  supply  that  was  manually  ad¬ 
justed.  In  both  cases  the  I-VC  were  plotted  on  an  X-Y  re¬ 
corder.  Final  I-VC  curves  were  obtained  using  pulse  voltage 
application  and  using  an  oscilloscope  to  determine  the  voltage 
and  discharge  current  magnitudes. 

Sequence  of  Presentation 

First,  a  theory  section  will  be  presented  which  will  con¬ 
tain  a  general  background  discussion  of  important  discharge 
characteristics  including  kinetic  theory,  production  and  loss 
of  charge  carriers  in  a  discharge,  types  of  discharges,  struc¬ 
ture  of  a  low  pressure  discharge,  and  two  models  which  are  the 
basis  for  the  analysis.  Next,  there  will  be  a  description  of 
the  experimental  setup  and  the  equipment  that  was  used.  Third, 
the  procedures  used  to  obtain  the  data  will  be  presented  along 
with  the  results  of  the  measurements.  Fourth,  the  data  will 
be  analyzed  in  view  of  the  theory  developed  in  that  section. 
Finally,  conclusions  about  the  results  and  recommendations  will 


be  presented. 


The  capability  of  a  switch  to  open  quickly  is  important 
for  inductive  energy  storage  systems.  At  the  same  time  switch 
ing  current  off  in  an  inductive  circuit  is  made  more  difficult 
by  the  inductance,  because  the  induced  voltage  tends  to  keep 
the  current  flowing.  Since  switch  control  for  an  externally 
ionized  switch  plasma  should  depend  only  on  the  source,  it 
would  be  undesirable  for  the  s.witch  to  go  into  an  avalanche 
mode.  The  continuity  equation  for  the  electrons  which  con¬ 
tribute  to  conduction  is 

.  c  +  ^ocM  *[*■•“  u> 
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There  is  a  similar  equation  for  ions.  In  this  equation  S  is 
the  source  function  which  is  to  control  the  switch.  The 
neot|w|  term  is  an  ionizing  term  that  produces  electron-ion 
pairs,  where  ne  is  the  electron  density,  a  is  Townsend's  first 
ionization  coefficient,  and  w  is  the  electron  drift  velocity. 
The  loss  terms  include  diffusion,  recombination,  and  attach¬ 
ment. 

Switch  off  takes  place  when  the  source  term  S  is  removed, 
providing  the  other  production  terms  do  not  exceed  the  loss 
terms.  Under  certain  conditions,  the  nea|w|  term  can  increase 
rapidly  causing  a  rapid  generation  of  electron-ion  pairs  and 
the  switch  can  go  into  the  arc  mode  of  discharge.  The  drift 
velocity,  W,  is  dependent  on  the  electric  field.  At  "switch 
off"  a  rapid  decrease  in  current  (to  near  zero)  is  desired; 


this  means  a  large  di/dt.  Since  the  voltage  across  an  in¬ 
ductor  is  L  di/dt,  this  can  place  very  high  voltages  across 
the  switch,  and  if  w  increases  with  electric  field  this  may 
work  against  switch  off. 

An  ideal  switch  would  exhibit  a  high  conductivity  in  the 
conduction  stage  (high  drift  velocity  with  low  E/N) .  During 
the  opening  stage,  on  the  other  hand,  the  conductivity  should 
decrease  (low  drift  velocity  with  high  E/N) .  This  behavior 
is  called  negative  differential  conductivity  when  the  con¬ 
ductivity  decreases  with  an  increase  in  E/N.  Complementing 
this  ideal  behavior  of  the  drift  velocity  would  be  an  attach¬ 
ment  rate  which  would  be  low  in  the  on  stage  and  high  in  the 
opening  stage  (Ref  14) .  These  properties  are  based  on  the 
interaction  of  the  charge  carriers  and  the  neutral  particles 
in  the  conducting  medium.  The  collisional  processes  and  the 
cross-section  for  these  processes  will  be  outlined  in  this 
chapter. 

The  material  presented  in  this  chapter  will  begin  with  a 
review  of  some  basic  plasma  relations  in  the  kinetic  theory 
section.  Included  in  this  section  are  collisions,  cross- 
section,  drift  velocity  and  mobility,  and  diffusion.  The  next 
section  will  describe  the  production  and  loss  of  charge  car¬ 
riers.  Carrier  production  by  Townsend  ionization  will  be 
presented  for  both  DC  and  AC  discharges.  Losses  include  dif¬ 
fusion,  recombination,  and  attachment.  Following  this  will 
be  a  general  section  on  gas  discharges  which  will  describe  a 
typical  current-voltage  characteristic  curve.  In  addition. 
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there  will  be  a  comparison  of  self  and  externally  sustained 
discharges  while  describing  microwave  and  electron  beam  excita¬ 
tion.  The  next  section  will  describe  the  structure  of  a  low 
pressure  glow  discharge.  The  division  of  the  discharge  into 

component  regions  will  be  presented  along  with  a  description 

/ 

of  the  processes  within  these  regions. 

Finally,  two  models  wil1  be  presented  which  are  the  basis 
for  the  experiment.  Model  I  will  describe  the  basic  experi¬ 
mental  assumptions  in  some  detail.  Model  II  gives  an  account 
of  the  results  when  cathode  sheath  effects  are  present.  These 
models  will  be  considered  in  light  of  the  experimental  results. 

Kinetic  Theory 

Switching  in  an  electrical  circuit  is  usually  accomplished 
through  mechanical  contacts  or  a  conductive  gas  discharge. 
Current  flow  through  a  gas  medium  is  accomplished  by  the  move¬ 
ment  of  charged  particles  (ions  and  electrons).  Kinetic 
theory  is  used  to  describe  the  behavior  of  the  particles  in 
the  gas  that  are  responsible  for  transferring  charge  from  one 
electrode  to  another  in  a  discharge  (current  flow).  Kinetic 
theory  makes  it  possible  to  relate  the  overall  properties  of 
a  gas  to  the  average  behavior  of  the  particles. 

In  order  to  determine  the  number  densities  of  the  atoms 
or  molecules  in  a  gas,  the  ideal  gas  law  and  Avagadro's  hy¬ 
pothesis  are  used.  The  ideal  gas  law  gives  the  relationship 
between  pressure,  volume,  and  absolute  temperature  for  a 


perfect  gas. 


2 


where  P  is  the  pressure,  V  is  the  volume,  R  is  the  universal 

gas  constant,  T  is  the  absolute  temperature,  and  n  is  the 

number  of  kilomoles.  Avogadro's  hypothesis  says  that  under 

the  same  conditions  of  temperature  and  pressure  all  gases 

have  the  same  number  of  molecules  per  unit  volume.  This  number 
2  3 

is  6.023x10  molecules  per  mole. 

Boltzmann's  equation  shows  the  average  steady  state  con¬ 
centration  of  ions  at  different  points  in  an  electrostatic 
field  in  relation  to  the  potential  difference  of  those  points. 
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where  n+i  and  n+2  are  the  ion  concentrations,  e  is  the  elec¬ 
tronic  charge,  and  V2  are  the  potentials  at  points  one  and 
two  respectively,  k  is  Boltzmann's  constant  (1.38xl0-23  joules/ 
°k,  and  T  is  the  temperature  in  degrees  kelvin.  kT  and 
e(V^-V2)  have  the  dimensions  of  energy.  This  relationship  can 
be  applied  to  an  electron  cloud  if  the  electron  could  behaves 
like  a  perfect  gas. 

The  steady  state  motion  of  the  molecules  (atoms)  in  a  gas 
is  divided  evenly  between  coordinate  directions  X,  Y,  and  Z. 

The  velocities  of  the  particles,  however,  are  distributed 
through  a  broad  range  of  velocities.  The  equilibrium  distri¬ 


bution  of  the  velocities  of  these  particles  takes  the  form  of 


I 


a  Maxwellian  Distribution.  The  RMS  velocity  of  this  distribu¬ 
tion  of  particles  is  t^kT/n ,  from  this  the  mean  particle  energy 
(mV^/2)  is  3kT/2.  The  energy  then  is  directly  proportional  to 
the  atom  temperature.  The  electrons  and  ions  in  a  plasma  also 
have  a  thermal  energy  distribution. 

Collisions 

Collisions  occur  as  a  result  of  the  random  thermal  motion 
of  the  particles.  In  an  electric  discharge,  in  addition  to 
the  random  thermal  motion,  a  directed  velocity  component  arises 
due  to  the  application  of  an  electric  field.  On  the  average, 
charged  particles  will  gain  energy  from  the  electric  field 
which  will  be  proportional  to  the  strength  of  the  electric 
field,  the  time  between  collisions,  and  inversely  proportional 
to  the  mass  of  the  particle.  In  the  steady  state,  under  the 
influence  of  the  electric  field,  the  average  kinetic  energy 
is  constant  and  so  is  the  directed  velocity  due  to  the  electric 
field.  This  directed  velocity  is  called  "drift  velocity". 
Though  there  is  a  constant  force  on  the  particles  due  to  the 
electric  field,  the  collisions  tend  to  limit  or  fix  the 
maximum  velocity  a  particle  will  attain.  This  is  analogous  to 
the  macroscopic  effect  of  viscous  friction,  which  here  de¬ 
termines  the  resistivity  of  the  ionized  gas  (Ref  17:34). 

The  distance,  on  the  average,  that  an  electron  will 
travel  between  collisions,  can  be  estimated  by  the  relation 
l  ■  1/irnR  ,  where  l  is  the  mean  free  path,  n  is  the  atom  (ion 
or  molecule)  density,  and  R  is  the  radius  of  the  atom.  It 
turns  out  that  calculations  of  the  mean  free  path  from  this 
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relation  based  on  the  "elastic  sphere  of  fixed  diameter  as¬ 
sumption”,  do  not  give  reasonable  values  in  practice.  This 
relation  does  show  that  the  mean  free  path  varies  inversely 
with  the  number  density. 

The  mean  free  path  depends  on  the  electron's  cross- 
section  for  collision.  This  collision  cross-section  depends 
on  the  electron  velocity  (energy) .  An  explanation  of  this 
dependency  is  provided  by  quantum  mechanics.  In  some  gases, 
electrons  show  a  marked  decrease  in  cross-section  at  low 
velocity.  This  minimum  is  known  as  the  Ramsauer  minimum  and 
gases  which  exhibit  this  property  are  called  Ramsauer  gases. 

Cross-Section 

A  monoenergetic  beam  of  electrons  is  passed  through  a 
gas  with  a  known  number  density.  Attenuation  of  the  electron 
beam  goes  like  I  »  IQ  exp(-x/£),  where  x  is  the  distance 
travelled  in  the  gas  and  £  is  defined  as  the  mean  free  path. 
The  cross-section  for  collision  is  then 

Q.'Tn  141 

where 

>jc±.  vzn]  .3 

A/  =  2.&X1  x/0  t  J  <5> 

is  the  number  density,  T  is  the  temperature  (°K) ,  and  P  is  the 
pressure  (torr)  . 

In  an  elastic  collision  between  the  electron  and  atom,  th 


electron  is  scattered  by  the  atom.  The  energy  transferred  to 


the  atom  by  the  electron  is  proportional  to  the  scattering 
angle  and  by  the  change  in  momentum  suffered  by  the  electron. 
Associated  with  this  process  is  a  momentum  transfer  cross- 
section  and  similarly  Q<j  =  1/l^n,  where  Q<j  is  the  cross- 
section  for  momentum  transfer  and  l  is  the  mean  free  path  for 
momentum  transfer. 

Collision  probability  Pc  (cm^/cm^/torr)  is  sometimes  used 
to  express  the  electron-atom  interactions  by  setting  «,Pcp  =  1, 
where  p  is  the  pressure  of  the  gas.  Collision  probability  is 
then 


or  collision  cross-section  in  area  per  cubic  centimeter  at 
one  torr  and  0°C. 

£>t  =  2.11  X'°'n  £  (7) 

with  mean  free  path  in  centimeters  and  pressure  in  torr. 

Collision  frequency  vc  is  the  number  of  collisions  per 
second,  on  the  average,  that  an  electron  makes  with  the  gas 
atoms.  If  v  is  the  electron  speed,  then  vc  =*  v/Jl.  Some  use¬ 
ful  numerical  relationships  among  these  quantities  are: 

.  sv-flfi--  S.nx'o\^fPl  --  21.0  X,  o' </''-■  fiQc  (8> 

(Ref  15:25) 

where  v  is  in  electron  volts,  p  is  in  torr,  and  Qc  is  in 
angstroms  squared. 


An  inelastic  collision  occurs  when  an  electron  collides 
with  an  atom  (molecule)  and  some  of  the  electron's  kinetic 
energy  is  transformed  into  the  internal  energy  of  the  atom 
(molecule) .  This  energy  goes  into  a  change  in  the  energy 
configuration  of  the  atom  (vibrational,  rotational,  or  elec¬ 
tronic  for  the  molecule) .  The  excited  particle  may  return  to 
its  ground  state  quickly,  radiating  energy,  or  remain  in  an 
excited  state  for  many  milliseconds  before  radiating  its 
energy.  If  the  incident  electron  has  sufficient  energy  to 
ionize  the  atom,  an  electron  may  be  removed  from  the  atom.  Ir 
this  case  there  are  two  free  electrons  and  a  positive  ion, 
the  original  electron  and  the  electron-ion  pair  formed  by  the 
collision.  Efficiency  for  ionization  (h^)  and  excitation  (hx) 
can  be  expressed  as  ratios  of  the  probabilities  for  these  pro¬ 
cesses  to  the  probability  for  collision,  h^  =  Pi/Pc,  hx  =  Px/I 
These  efficiencies  are  a  function  of  the  electron  energy. 


Drift  Velocity  and  Mobility 


The  drift  velocity  is  usually  a  function  of  the  electric 
field  strength.  For  low  field  strengths  (and  certain  gas  con 
ditions)  this  relation  takes  the  form 


W  - 


where  u  is  the  mobility  (ye  for  electrons  and  for  ions). 

Electron  drift  velocity  measurements  in  argon  have  shown 
inconsistencies  which  had  been  attributed  to  impurities.  In 
order  to  account  for  the  drift  velocity  variation  in  a  mo¬ 


lecular  gas  mixed  in  with  a  rare  gas,  Long,  Bailey,  and 


Garscadden  (Ref  13:474)  have  developed  an  analytic  approxima¬ 
tion  with  an  empirical  fit  for  drift  velocity 


w  - 


Cy  X"  +  C2 


(10) 


where 

C f  -  Cl/  P  f-  Cfi.  (/-fi)  Y  -  P 

C2  ~  Cryfi  ¥  CtJ.  gr  g  p  +  ^0-P) 

values  for  the  constants  are  gas  mixture  dependent.  Values 
of  W  for  argon-nitrogen  mixtures  as  calculated  by  Garscadden 
(Ref  16)  are  plotted  in  Figure  1. 

In  the  case  where  the  drift  velocity  of  the  ions  is 
small  compared  to  the  average  velocity  (small  electric  fields) , 
and  assuming  that  the  ions  are  the  same  temperature  as  the 
gas,  and  the  average  electric  field  directed  velocity  after 
collision  is  zero,  then 


sJ. 


(11) 


where  m  is  the  mass  of  the  ion,  and  e  is  the  ion  charge  as¬ 
suming  a  single  ionization. 

This  is  a  simplified  equation  for  the  mobility  coefficient 
and  is  not  very  accurate,  but  it  does  show  the  dependence  on 
mean  free  path  (direct)  and  on  thermal  velocity  (proportional 
to  T1/2) . 


The  electron  mobility,  can  be  expressed 


where  Tm  is  the  average  time  between  collisions  and  vm  is  the 
collision  frequency,  l/tm.  These  are  based  on  the  collision 
rate  for  momentum  transfer.  Exact  values  of  vm  may  not  come 
directly  from  the  temperature  and  pressure  of  the  gas  and  re¬ 
quire  more  detailed  knowledge  of  the  distribution  of  electron 
energies  and  the  collision  cross-section  for  momentum  transfer 
(Ref  17:35)  .  Exact  values  for  Ue  an<^  Pi  can  oniy  be  approx¬ 
imated  analytically  and  are  more  easily  obtained  from  experi¬ 
mental  data  (Ref  18) . 

The  conductivity  or  resistivity  of  an  ionized  gas  can  be 
found  from  the  ion  and  electron  mobilities.  Flux  density, 
current  density  without  the  charge,  in  a  gas  where  ne  =  n+ 

(n+  is  singly  ionized  positive  ions)  is 


( \A/+  '  Vt/e  ) 


(13) 


Because  current  contributions  are  made  by  both  electrons  and 
ions  this  becomes 

and  conductivity  is 

£J_  =  AS 
U  € 

where  ye  >>  which  is  often  the  case. 


(14) 


(15) 


Diffusion 

Diffusion  is  the  movement  of  charged  or  uncharged  parti¬ 


cles  from  a  region  of  high  concentration  to  one  of  lower 


concentration.  The  velocity  of  diffusion  is 


(16) 


or,  in  one  dimension 


-_D  f/y 

A/ 


(17) 


Diffusion  is  due  to  the  thermal  motions  of  the  particles  in 
which  there  is  an  imbalance  in  the  collisional  forces  in 
one  direction.  The  diffusion  constants  for  positive  ions, 
negative  ions,  and  electrons  are  different.  This  is  due 
to  their  differences  in  mass,  clustering  of  some  molecules 
or  atoms  around  the  ions,  and  the  effective  cross-section 
and  mean  free  path  for  momentum  transfer. 

For  positive  ions  the  ratio  of  diffusion  to  mobility  i 

P+  k~r 

Ac  '  « 


(18) 


A  similar  relation  for  electrons 

A*  “ 


(19) 


is  weak  and  yields  poor  results.  A  better  approximation  is 


De 


(20) 


where  V  is  the  mean  velocity  of  the  electrons,  which  can 
be  many  orders  of  magnitude  higher  than  that  for  ions,  and 
l  is  the  mean  free  path  for  the  electrons,  which  is  a 
function  of  the  drift  velocity  (Ref  19;141) . 


In  the  presence  of  an  electric  field,  a  gas,  which  con¬ 
tains  an  appreciable  density  of  electrons  and  positive  ions. 


produce  electric  fields  due  to  the  relative  difference  in  the 
rates  of  diffusion  for  the  electrons  and  ions.  Because  the 
electrons  move  faster  than  the  ions,  the  resulting  charge  sep¬ 
aration  creates  an  electric  field  that  tends  to  retard  the 
electrons  and  accelerate  the  ions  in  the  externally  applied 
field.  A  steady  state  is  reached  in  which  the  electrons  and 
ions  diffuse  at  the  same  velocity.  This  is  called  ambipolar 
diffusion  and  the  ambipolar  velocity  is 


d.'X 


(21) 


where  Da  is 
to 


the  ambipolar  diffusion  coefficient  which  is  equal 


IX 


+  Vi//* 


(22) 


where  ye  >>  This  includes  the  effects  of  the  diffusion 

rates  for  both  ions  and  electrons  and  is  greater  than  either 
of  them  alone.  If  all  particles  are  the  same  temperature  then 
Depi  =  Dj.pe  and  Da  *  2Di  =  2kTePi/e.  If  Te  >>Ti,  then 
De/ue>>Di/wi  or  DeUi>>Di/pe  and  then  Da  =  DePj/Pe  =  kTeyi/e 
(Ref  19:144) . 


Charge  Carriers,  Production 

In  an  ionization  chamber,  the  incident  ionizing  radiation 
is  measured  by  measuring  the  number  of  electron-ion  pairs 
generated  in  terms  of  the  current  due  to  a  voltage  sweeping 
out  these  charge  carriers.  As  the  voltage  across  such  a 
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chamber  is  increased,  a  point  is  reached  where  an  increase 
in  the  voltage  produces  no  additional  current,  this  is  satura¬ 
tion.  This  occurs  when,  excluding  losses,  ail  the  electron- 
ion  pairs  are  swept  out  to  form  current  in  the  external  cir¬ 
cuit.  If  the  voltage  is  further  increased,  there  is  a  rise 
in  the  current  due  to  electron-neutral  impact  ionization. 

If  there  is  an  increase  of  dn  electrons  in  a  distance 
dx,  the  production  rate  can  be  written  as  dn  =  anedx,  where 
ne  is  the  number  density  of  electrons,  and  alpha  is  the  pro¬ 
duction  rate.  Integrating,  it  becomes  ne  3  neoexp(ax)  which 
Corresponds  to  the  observed  current  variation  I  *  Ioexp(ctd)f 
when  it  is  integrated  over  0<x<d,  the  separation  of  the  elec¬ 
trodes.  The  term  alpha  is  called  Townsend's  first  ionization 
coefficient  and  its  value  depends  on  the  electric  field 
strength,  pressure,  and  the  gas.  Alpha  is  often  expressed 
in  the  form  a/p  and  data  of  a/p  as  a  function  of  E/p  have  been 
measured  for  many  gases.  The  use  of  a/p  allows  for  scaling 
by  E/p  (or  E/N)  to  other  discharge  geometries  and  pressures 
according  to  the  similarity  rule  (Ref  19:288) .  This  is  so 
that  the  number  of  ionizations  is  considered  against  a  mean 
free  p.ath  and  is  then  a  function  of  the  energy  the  electron 
gains  from  the  field  before  the  collision. 

An  equation  for  a/p  has  the  form 

=  /4  ^  ^  J  (2  3) 

P 


(Ref  19:180) 
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where  A  and  B  are  found  in  tables.  The  drawback  is  that  there 
is  a  limited  range  of  E/p  (differing  with  gas  type)  over  which 
this  relation  holds.  The  actual  values  of  alpha  are  dependent 
on  more  subtle  gas  parameters  such  as  the  electron  energy  dis¬ 
tribution  and  frequency  of  ionization  upon  collision 
(Ref  20:99) . 

The  ionization  coefficient  n  is  related  to  alpha  by 
n  *  a/E,  where  n  is  then  the  number  of  ion  pairs  per  volt. 
Experimental  values  of  n  for  certain  mixed  gases  show  a  peak 
due  to  the  interaction  of  metastables  or  long  lived  excited 
particles.  If  these  metastables  have  energies  at  or  above  the 
ionization  of  the  background  gas,  this  energy  may  be  transferred 
resulting  in  ionization  of  the  background  gas.  This  is  called 
Penning  ionization  and  is  the  case  with  a  small  percentage  cf 
neon  in  argon. 

As  ions  are  accelerated  in  an  electric  field  some  of  them 
gain  enough  energy  to  produce  secondary  electrons  at  the  cathode 
by  ion-cathode  bombardment.  Gamma  (y)  ,  Townsend's  second 
ionization  coefficient,  is  the  cathode  yield  in  electrons  per 
incident  ion.  Effects  due  to  positive  ion  bombardment  of  the 
cathode  are  not  considered  here. 

In  a  discharge  maintained  by  a  DC  electric  field,  the 
production  of  electron-ion  pairs  (ionization)  must  exceed  the 
loss  due  to  current  flow  in  the  external  circuit.  If  an 


alternating  (AC)  field  is  applied  to  a  discharge  tube,  the 
breakdown  characteristics  are  the  same  as  for  the  DC  providing 
the  frequency  is  very  low  (  <  lKHz)  so  that  the  AC  period  is 


much  longer  than  the  ion  transit  time  (Ref  17:72).  At  higher 
frequencies,  however,  ionization  is  different. 

DC  discharges  have  two  sources  of  electrons,  collisional 
ionization  and  secondary  emission  effects  at  the  electrodes. 

AC  discharges  depend  only  on  collisional  ionization  for  elec¬ 
tron  generation.  Background  electrons  are  accelerated  by  the 
AC  electric  field  until  the  average  kinetic  energy  of  the  elec 
trons  is  great  enough  to  overcome  energy  loss  in  inelastic  col 
lisions  and  diffusion.  The  energy  the  electrons  gain  is  a 
function  of  E/p.  As  the  pressure  increases  the  mean  free  path 
(£)  decreases  and  the  increase  in  energy  Ae  decreases 

£  -  eV  -  e  (24) 

In  a  low  frequency  field  where  the  angular  frequency  of 
the  electric  field  is  small  compared  to  the  collisional  fre¬ 
quency,  the  electron  motion  is  almost  identical  to  that  in  a 
DC  field.  As  the  frequency  is  increased  or  the  pressure  is 
decreased  (u/p  increases) ,  collisions  no  longer  occur  fre¬ 
quently  enough  to  keep  electron  drift  current  in  phase  with 
the  electric  field,  and  the  transfer  of  energy  from  the  elec¬ 
tric  field  becomes  less  efficient.  At  still  higher  values  of 
w/p,  the  electrons  oscillate  out  of  phase  with  the  electric 
field  and  very  little  average  energy  is  transferred. 

The  efficiency  of  energy  transfer  from  an  AC  field  is 
expressed  as  an  effective  electric  field,  Ee 


(Ref  21:2) 

where  v  is  the  collision  frequency  (v  =  v/Jt)  and  «*»  is  the 
frequency  of  the  AC  field. 

A  steady  state  discharge  sustained  by  an  AC  electric 
field  occurs  when  the  electron  production  rate  is  equal  to 
the  loss  rate.  In  the  case  where  the  mean  free  path  is  small 
compared  to  the  discharge  tube  dimensions  and  the  AC  frequency 
is  greater  than  the  collision  frequency,  diffusion  theory 
holds  and  the  ionization  rate  must  be  equal  to  the  diffusion 
rate  (attachment  and  recombination  neglected)  (Ref  17:73). 


Charge  Carriers,  Losses 

Charge  carriers  near  the  walls  of  the  discharge  tube  col¬ 
lide  with  it  and  are  neutralized.  At  the  walls  of  the  tube 
the  charge  density  is  lower  than  at  the  middle.  This  imbalance 
in  the  charge  density  (gradient)  drives  the  charge  toward  the 
walls.  The  electrons  are  more  mobile  and  diffuse  more  rapidly 
than  the  ions.  The  rate  of  diffusion  is  the  ambipolar  dif¬ 
fusion  rate,  Da.  Also,  since  cylindrical  geometry  applies 
here  with  the  density  maximum  at  the  center  (axial)  and  zero 
at  the  walls,  the  density  profile  is  given  by  the  Bessel 
function  of  zero  order.  This  goes  through  zero  at  2.405. 

When  the  tube  radius  (0.85cra)  is  scaled  by  this,  A  becomes 
0.353cm.  Prom  von  Engel  (Ref  19:145),  the  ambipolar  diffusion 
coefficient  Da  is  about  3x10^  cm^/sec  at  a  pressure  of  2  millitorr. 
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The  radial  diffusion  rate  is 
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The  time  for  the  number  density  to  decrease  by  1/e  is 
the  diffusion  time  Ta  which  becomes 
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where  Da  =  Da0(p/p0)  is  used  to  scale  the  diffusion  coefficient. 
Another  process  by  which  electrons  and  ions  (charge  car¬ 


riers)  are  removed  from  the  plasma  is  by  recombination. 
Recombination  is  a  collisional  process,  that  is  ions  of  unlike 
charge  or  electrons  and  positive  ions  must  come  close  enough 
to  interact.  The  rate  of  carrier  loss  due  to  recombination 
depends  on  the  number  densities  of  both  species  and  the  prob¬ 
ability  that  a  collision  will  result  in  recombination.  This 
can  be  expressed  as 
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where  ne  is  the  electron  number  density,  n+  is  the  positive 
ion  concentration,  and  R  is  the  recombination  coefficient. 
In  a  plasma  by  definition  ne  =  n+,  therefore 
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The  probability  of  recombination  depends  on  the  relative 
speed,  decreasing  as  their  relative  speed  increases.  Also, 
since  recombination  is  dependent  on  collisions,  this  process 
increases  with  pressure  (collision  frequency  is  proportional 
to  pressure) .  At  the  lower  pressures  (about  1  torr)  recombina 
tion  rates  are  relatively  low.  For  argon,  in  the  range  of 
15  to  30  torr,  R  is  about  3xlO”7  (Ref  19:163)  and  goes  with 
the  square  root  of  pressure.  This  may  become  a  significant 
process  if  the  plasma  density  is  high,  since  the  rate  goes  as 
the  square  of  the  electron  number  density. 

when  the  electronic  structure  of  an  atom  nearly  fills 
the  outer  shell,  the  atom  has  an  affinity  for  electrons.  This 
electro-negativity  exhibited  by  these  atoms  (molecules) 
allows  them  to  become  negatively  charged  by  taking  on  an  elec¬ 
tron.  This  process  is  called  attachment.  Changing  a  neutral 
atom  to  a  negative  ion  has  the  effect  of  removing  free  mobile 
electrons  from  the  plasma  but  does  not  change  the  charge 
balance  in  the  plasma. 

Attaching  gases  are  frequently  used  in  switches  and  high 
voltage  equipment  to  increase  the  stand  off  potential.  The 
breakdown  potential  is  increased  when  free  electrons  are 
removed  from  the  un-ionized  gas,  this  reduces  the  chances  for 
Townsend  breakdown.  Attaching  gases  frequently  used  are 
oxygen,  carbon  monoxide,  and  sulfur  hexafloride. 
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The  attachment  process  is  a  collisional  one. 


The  as¬ 


sociated  cross-section  for  attachment  is  much  smaller  than  for 
most  inelastic  collisions.  Although  the  process  of  attachment 
is  important  in  microwave  ionization  and  pulse  power  switch 
operation,  it  will  not  be  considered  due  to  the  types  of  gases 
used  in  this  experiment. 


Gas  Discharge 

In  order  to  form  a  conductive  path  through  a  gas  there 
must  be  free  charge  carriers  to  carry  the  current.  An  elec¬ 
trically  neutral  gas  would  not  conduct.  There  are,  however, 
a  number  of  free  electrons  and  ions  (10-100/cm3)  in  any  gas 
as  a  result  of  cosmic  rays  and  natural  radioactivity.  Even 
under  these  conditions  the  amount  of  current  that  could  flow 
is  immeasurable. 


'<vW!)  OD  ('^  c,°l) 


(31) 


/O 


it 


For  measurable  currents  to  flow,  the  electron  density 
(assuming  current  flow  is  by  electrons  alone)  must  be  sub¬ 
stantially  higher.  Some  of  the  mechanisms  for  producing 
larger  electron  densities  have  been  discussed  before.  The 
source  of  these  electrons  will  determine  whether  a  discharge 
is  self-sustained ,  not  self-sustained,  or  if  it  is  externally 
sustained . 

A  non  self-sustaining  discharge  is  one  in  which  the 


charge  carriers  are  thermally  generated,  the  result  of  cosmic 
radiation,  natural  radioactivity,  or  other  external  source. 


As  the  voltage  across  this  discharge  is  increased,  more  and 
more  of  the  generated  carriers  would  be  swept  out  (current) 
until  they  are  drawn  out  as  fast  as  they  are  generated.  Be¬ 
yond  this  point,  an  increase  in  voltage  does  not  give  a  cor¬ 
responding  increase  in  current.  On  the  current-vol tage  char¬ 
acteristic  curve  in  Figure  2,  the  non  self-sustaining  discharg 
is  represented  by  the  region  from  0  volts  to  the  saturation 
plateau  (dark  discharge) . 

As  the  applied  voltage  is  increased  further,  the  back¬ 
ground  electrons  which  were  responsible  for  the  current  in 
the  non  self-sustaining  discharge  are  accelerated  through 
high  voltages.  If  the  energy  gained  by  these  electrons  within 
one  mean  free  path  is  greater  than  the  ionization  energy  for 
the  neutral  particles  in  the  gas,  ionization  will  take  place. 
This  will  occur  at  a  voltage  on  the  order  of 
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where  V  is  the  voltage  across  the  electrodes  separated  by 
length  1 .  I  is  the  mean  free  path,  Ui  is  the  ionization 
energy,  and  e  is  the  electric  charge. 

Generation  of  electrons  (ions)  in  this  manner  is  called 
Townsend  ionization.  This  process  was  discussed  earlier. 
Self-sustained  discharge  due  to  the  Townsend  process  is  shown 
as  the  "normal"  region  of  the  I-V  characteristic,  Figure  2. 

At  the  onset  of  the  Townsend  ionization,  the  discharge 


current  increases  as  a  result  of  increased  electron  density. 


Figure  2.  Discharge  Current-Voltage  Curve 


After  Townsend  ionization  begins,  the  conductivity  of  the  dis¬ 
charge  increases  resulting  in  a  lower  voltage  drop  across  the 
discharge  for  the  same  current. 


A  low  resitance  non-Townsend  discharge  can  exist  if  there 
is  an  external  source  of  ionization.  A  glow  discharge,  similar 
in  appearance  to  a  self-sustained  discharge,  can  exist  if  the 
external  ionizing  source  is  strong  enough.  In  the  externally 
sustained  discharge,  when  the  source  is  removed,  current 
ceases  even  though  voltage  is  still  applied  to  the  electrodes. 

An  external  source  may  take  the  form  of  ionizing  radia¬ 
tion,  electron  beams,  or  radio  frequency  electric  fields. 
Ionizing  radiation  from  radioactive  sources  is  probably  the 
simplest  mechanism  for  externally  sustaining  a  discharge.  The 
problems  associated  with  handling  nuclear  sources  make  use  in 
a  switch  difficult  to  justify.  In  addition,  these  sources 
cannot  be  turned  off  and  on  easily. 

Excitation  of  a  discharge  by  electron  beams  and  micro- 
waves  (RF)  can  be  contrasted  not  only  by  the  complexity  of 
the  sources  but  by  the  ionization  processes  involved.  The 
electron  beam  uses  a  high  energy  stream  (flux)  of  electrons 
to  supply  the  charge  carriers  in  the  discharge  through  ioniza¬ 
tion  of  the  neutral  gas  particles.  The  high  energy  primary 
(beam)  electrons  impact  gas  particles  at  some  collision  proba¬ 
bility  Pc  (depends  on  the  energy).  The  secondary  electrons  at 
lower  energy  (higher  Pc)  impact  other  particles  producing 


more  secondary  electrons.  As  the  collisional  process  con¬ 
tinues,  the  electron  number  density  increases  and  the  energy 
distribution  moves  toward  lower  energies,  a  kind  of  trickle 
down  in  energy. 

Microwave  excitation  of  a  discharge  begins  by  accelerat¬ 
ing  background  electrons  in  the  RF  electric  field.  If  the 
mean  free  path  is  long  enough  (low  pressure)  that  the  electron 
can  take  on  energies  that  are  greater  than  the  ionization 
energy,  the  gas  ionizes  readily.  At  higher  pressures  and 
shorter  mean  free  paths,  the  microwave  fields  have  to  pump  up 
the  energy  of  the  electrons  through  less  frequent  collisions 
that  result  in  increased  electron  energies,  or  the  energy  can 
go  into  producing  metastable  excitation.  These  metastables 
are  more  easily  excited  by  the  lower  energy  electrons.  The 
microwave  excited  discharge  was  a  lower  electron  energy  dis¬ 
tribution  that  is  pumped  up  to  ionization  energies  as  opposed 
to  the  trickle  down  for  the  electron  beam  discharge.  Some  of 
the  physical  processes  which  must  be  optimized  in  a  high 
repetition  rate  opening  switch  depend  on  such  details  as  the 
electron  energy  distribution. 

In  a  microwave  excited  discharge,  the  electron  production 
rate  must  equal  the  loss  rate.  The  primary  loss  considera¬ 
tions  are  (depending  somewhat  on  geometry  and  plasma  density) 
radial  diffusion  to  the  discharge  tube  walls,  recombination, 
and  current  in  the  external  circuit.  For  the  geometry  of  this 
experiment,  diffusion  losses  are  assumed  to  dominate.  The 
rate  of  change  of  electron  density  is 
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where  is  the  microwave  production  rate  and  D&/A2  is  Che 
electron  diffusion  rate. 


For  the  steady  state  and  the  dimensions  of  this  experiment, 
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With  this  method  of  pumping  up  the  electron's  energy,  a 
greater  portion  of  the  microwave  energy  is  lost  in  inelastic 
collisions  and  gas  heating  that  does  not  result  in  ionization. 
This  reduces  the  efficiency. 


Low  Pressure  Glow  Discharge 

The  conduction  of  DC  current  in  a  cold  cathode  discharge 
requires  that  there  be  a  production  of  conduction  electrons 
at  the  cathode  and  that  they  be  collected  at  the  anode.  The 
structure  of  the  discharge  between  the  anode  and  cathode  elec¬ 
trodes  is  divided  into  regions  (Figure  3) .  These  regions  are 
formed  as  the  discharge  satisfies  the  electric  field  require¬ 
ment  for  the  current  continuity. 

The  cathode  sheath  is  a  region  which  is  formed  to  gen¬ 
erate  the  electrons  to  satisfy  continuity  at  the  cathode. 


Electrons  are  formed  at  the  cathode  primarily  through  positive 
ion  bombardment.  A  strong  electric  field  is  required  to  give 


the  ions  sufficient  energy  to  generate  electrons  at  the 
cathode.  The  electrons  produced  at  the  cathode  are  accel¬ 
erated  through  the  region  known  as  the  Aston  dark  space  by 
the  strong  negative  field.  As  the  electrons  gain  energy, 
some  ionize  atoms  in  the  cathode  region  generating  electron- 
ion  pairs.  The  electrons  move  toward  the  anode  while  the 
ions  move  toward  the  cathode  to  generate  more  electrons.  The 
electrons  are  swept  out  of  the  high  field  cathode  region. 

Loss  of  these  electrons  from  the  cathode  region  leaves  a  net 
positive  charge  in  that  area.  This  positive  ion  concentration 
acts  to  decrease  the  field  as  the  distance  from  the  cathode 
increases,  reducing  the  electron  drift  velocity.  The  thickness 
of  the  cathode  sheath  is  determined  by  the  electric  field  re¬ 
quirements  for  the  production  of  electrons  at  the  cathode. 

There  are  a  large  number  of  electrons  produced  in  the 
cathode  sheath  by  Townsend  ionization  which  are  rapidly  ac¬ 
celerated  out  of  this  region.  Once  these  electrons  are  in  the 
reduced  field  region,  they  slow  down  through  collisional 
losses  and  their  number  density  is  reduced  through  recombina¬ 
tion  and  diffusion.  Recombination  reduces  their  number  to 
near  that  of  the  background  of  ions  at  the  beginning  of  the 
positive  column. 

The  positive  column  is  a  region  of  little  or  no  net 
charge.  The  electric  field  requirements  for  this  region  are 
only  that  it  be  great  enough  to  produce  sufficient  ionization 
to  replace  the  electrons  lost  to  diffusion  to  the  walls  and, 
to  a  smaller  degree,  losses  due  to  recombination.  Due  to  the 
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low  fields  required  to  maintain  the  positive  column,  it  can  be 
quite  long  in  extent.  In  contrast,  the  sheath  regions  are  de¬ 
termined  by  the  boundary  conditions  and  their  dimensions  are 
constrained  to  the  electrode  areas. 

At  the  anode,  electrons  are  attracted  and  the  positive 
ions  are  repelled.  This  gives  rise  to  a  negative  space  charge 
in  front  of  the  anode.  This  produces  an  increase  in  the  elec¬ 
tric  field  at  the  anode  and  a  potential  drop  across  this 
region. 

In  a  cold  cathode  discharge,  the  electron  production 
requirements  at  the  cathode  demand  the  highest  electric 
fields.  For  this  reason,  the  voltage  drop  across  the  cathode 
sheath  can  be  orders  of  magnitude  greater  than  the  remaining 
portion  of  the  discharge.  The  luminous  and  the  dark,  regions 
of  the  discharge  are  clues  to  the  processes  that  are  going  on, 
and  are  strongly  related  to  the  electron  energy  in  that  region 

Model  I 

This  model  is  a  simplistic  model  which  should  provide  a 
basis  for  interpreting  current-voltage  characteristics  and 
showing  the  relationship  between  drift  velocity  and  the  re¬ 
duced  electric  field,  E/N.  From  the  voltage  across  the  dis¬ 
charge  tube  and  the  gas  pressure  in  the  tube,  along  with  the 
separation  of  the  electrodes,  the  reduced  electric  field  can 
be  found.  This  takes  the  form 


where  V  is  the  voltage  across  the  electrodes,  p  is  the  pres¬ 
sure  in  torr,  and  T  is  the  temperature  (room  temperature  is 
assumed) . 

The  current  flow  in  the  discharge  tube,  as  measured  in 
the  external  circuit,  is  a  function  of  the  electron  density 
(ne) ,  electrode  area  (A) ,  and  drift  velocity  (w) . 

JT -  /rfc  £  W  A  (37) 

where  e  is  the  electronic  charge- 

If  the  plasma  is  uniform,  ne  is  constant.  This  means 
that  the  current  depends  only  on  the  drift  velocity.  If 
the  pressure  is  constant,  the  value  of  E/N  will  vary  directly 
with  the  applied  voltage.  The  current  flow  through  the  dis¬ 
charge  will  be  a  constant  times  the  drift  velocity,  I  *  CW. 
The  change  in  current  with  E/N  will  be  directly  proportional 
to  the  change  in  drift  velocity  with  E/N. 

This  model  is  based  on  the  following  assumptions: 

1.  Uniform  plasma. 

2.  Negligible  sheath  effects. 

3.  Mean  free  path  that  is  much  smaller  than  the  plasma 
dimensions . 

4.  Electron  production  rate  provided  by  the  microwaves 
is  much  greater  than  the  rate  of  loss  by  conduction. 

The  uniformity  of  the  plasma  is  necessary  to  ensure  that 
the  relationship  between  drift  velocity  and  current  remain  as 
in  equation  (37) .  if  the  ionization  is  not  uniform  in  the 
discharge,  the  electron  number  density  will  also  not  be 


uniform.  If  ne  becomes  a  complicated  function  over  the  dis¬ 
charge  volume,  the  simple  relationship  between  current  and 
drift  velocity  is  no  longer  valid. 

If  a  cathode  sheath  is  present,  the  large  voltage  drop 
across  this  sheath  required  to  maintain  current  flow  makes 
this  model  unusable.  With  a  discharge  divided  into  a  cathode 
sheath,  positive  column,  and  anode  sheath,  there  is  a  voltage 
distribution  (large  drop  across  the  cathode  sheath)  which 
does  not  permit  determination  of  the  electric  field  within 
the  scope  of  this  experiment.  Consequently,  if  there  is  a 
drift  velocity  dependence  on  the  electric  field,  it  may  be 
impossible  to  extract.  The  problem  of  sheaths  will  be  dealt 
with  in  Model  II. 

For  the  drift  velocity  of  the  electrons  in  the  gas  to  be 
a  function  of  both  the  electric  field  and  collisions,  the 
mean  free  path  must  be  much  smaller  than  the  separation  of  the 
electrodes.  If  an  electron  could  be  accelerated  from  one  elec 
trode  to  the  other  without  undergoing  many  collisions,  the 
electric  current  would  not  be  affected  by  the  collisional 
pr^ :ess . 

For  argon  and  helium  the  elastic  collision  probability 
is  found  from  Brown  (Ref  18:23)  from  which  the  mean  free  path 
is  found  for  0.5,  1.0,  and  4.0  torr. 

A  background  of  free  electrons  is  necessary  to  maintain 
the  discharge.  This  is  due  to  the  ionization  mechanism  of 
the  microwave  energy.  The  ionization  rate  is  dependent  on 
both  the  strength  of  the  electric  field  and  the  electron 


Table  1 


Collision  Probability  for  Argon  and  Helium 


Argon 

0.5  torr 

1  torr 

4  torr 

Pc  =  83 

at  12eV 

l  =  .024cm 

. 012cm 

.003cm 

4 

at  lev 

0 . 5 

0.25 

.063 

in 

• 

rl 

at  .5eV 

1.33 

0.67 

0.17 

3 

at  . 25eV 

0.67 

0.33 

.083 

Helium 

Pc  -  20 

where  & 

0-10eV 

=  p^c 

Z  =  0.1cm 

0.05cm 

.  013cm 

density  as  was  pointed  out  earlier.  It  is  necessary,  then,  to 
keep  the  electron  density  high  enough  to  maintain  the  plasma. 
If  the  current  flow  were  verj  high,  loss  of  electrons  due  to 
conduction  would  cause  a  subsequent  reduction  in  the  electron 
density  in  the  plasma,  weakening  it.  This  would  result  in  an 
increase  in  the  plasma  resistance ,  lowering  the  current.  A 
balance  is  then  created  between  the  microwave  ionization  rate 
and  current.  In  order  to  have  current  (drift  velocity)  depend 
only  on  voltage  and  not  the  source  term  S,  the  ionization  rate 
must  be  much  greater  than  the  electron  loss  rate  due  to  con¬ 
duction  . 

Model  II 

If  the  simplistic  model  just  described  is  not  the  case 


and  there  are  different  regions  in  the  discharge,  it  is 


expected  that  the  electric  field  may  not  be  uniform  along 
the  axis  of  the  discharge.  If  this  is  the  case,  erroneous 
conclusions  may  be  drawn  as  to  the  magnitude  of  the  drift 
velocity  from  the  I-VC  if  this  effect  were  not  considered. 

Lowke  and  Davies  discuss  gas  discharges  in  which  the  space 
charge  effects  of  the  ca  hode  and  anode  sheath  regions  in  the 
discharge  are  significant  (Ref  8:4991)  .  Lowke  and  Davies 
characterized  the  three  regions  in  the  discharge  (cathode 
sheath,  positive  column,  and  anode  sheath)  in  their  theoretical 
analysis.  Their  analysis  was  for  a  discharge  that  consisted 
of  an  externally  sustained  source  of  electron-ion  pairs  be¬ 
tween  parallel  plate  electrodes.  One  case,  with  conditions 
as  found  in  a  gamma  ray  ionization  chamber,  resulted  in  a 
sheath  thickness  that  was  greater  than  the  electrode  spacing 
and  showed  only  small  space  charge  effects.  The  electric  field 
was  nearly  uniform  and  could  be  approximated  by  the  applied 
voltage  divided  by  the  electrode  spacing.  The  analytic  solu¬ 
tion  for  the  current  in  this  case  where  the  sheath  thickness 
(b)  is  greater  than  the  electrode  separation  (d) ,  reaches  a 
saturation  point  that  is  directly  proportional  to  the  source 
term. 

2T  =  //<</-!  |38> 

where  I  is  the  current,  e  is  the  electronic  charge  (1.6xl0“^9), 
A  is  the  electrode  area,  d  is  the  electrode  separation  and  s 
is  the  source  term  (l/cm3/sec)  . 


In  contrast  to  this  first  case,  conditions  more  ap¬ 
propriate  for  switching  were  considered  by  them  using  higher 
source  functions  and  discharge  currents.  The  solutions  for 
these  conditions  were  like  the  characteristic  regions  of  a 
self-sustained  discharge.  There  was  always  a  plasma  region 
(ne  n+)  with  a  small  electric  field  compared  to  the  high 
fields  present  in  the  sheath  regions.  Figure  4  is  similar  to 
Lowke  and  Davies*  Figure  6  that  shows  the  results  of  calcula¬ 
tions  for  the  charge  densities,  current  densities,  and  electric 
field  for  a  current  density  of  0.254  ma/cm,  S  =  3.6xl016  ion 
pairs/cm^/sec ,  and  with  the  electron  diffusion  coefficient 
equal  to  the  longitudinal  diffusion  coefficient  (Ref  8:4996). 

Of  particular  interest  in  this  figure  is  the  decay  to  almost 
zero  of  the  electron  density  within  the  sheath  due  to  longi¬ 
tudinal  diffusion.  The  significance  of  this  will  be  discussed 
later.  An  increase  in  the  applied  voltage  and  current  density 
resulted  in  an  increase  in  the  cathode  sheath  size  and  sig¬ 
nificant  increases  in  ionization.  The  ionization  leads  to  an 
increase  in  the  positive  ion  density  in  the  sheath  but  the 
electron  density  still  decays  as  before.  Their  results  show 
a  continued  increase  in  the  discharge  current  with  applied 
voltage . 

(Ref  8:4997,4999) 
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Figure  4.  Analytic  Model  of  an  Externally  Sustained  Discharge  (Ref  9s48) 


The  discharge  used  in  this  experiment  relies  on  an 
external  source  of  ionization  in  a  manner  similar  to  that  used 


in  Lowke  and  Davies'  calculations  (Ref  8:4991).  Their  elec¬ 
tron-ion  production  sources  were  gamma  rays  which  produced 
photo-ionization,  nuclear  fission  fragments,  or  electron  beams 
which  provided  impact  ionization.  The  production  rates  due 
to  these  sources  depend  upon  the  neutral  atom  density  and  the 
cross-section  for  ionization. 

Ionization  using  microwaves,  on  the  other  hand,  comes 
from  electron-neutral  (or  metastable)  impact  where  the  elec¬ 
trons  are  accelerated  by  the  microwave  fields.  while  the 
energy  source  is  external,  as  in  the  previous  cases,  the  pro¬ 
duction  function  will  depend  on  the  electron  density  as  well 
as  the  neutral  density  and  cross-sections.  Referring  to 
Figure  4  from  Lowke  and  Davies  (Ref  8:4495),  the  electron 
density  is  not  uniform  in  the  cathode  sheath  and  appears  to 
fall  off  exponentially  toward  the  cathode. 
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where  neo  n+o  and  is  the  electron-ion  density  of  the 
"positive  column"  at  the  cathode  sheath  boundary,  and  A  is 
a  characteristic  length  shown  later  to  be  equal  to  D/|w|. 

The  source  term  becomes 

S  =  'Pi'Hc  (41) 

where  A$_  is  the  microwave  ionization  rate  and  ne  is  the  elec¬ 
tron  density. 
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(Ref  21:6) 


where  e  is  the  electronic  charge,  E 


ywave 


is  the  electric 


field  due  to  the  microwave  energy,  m  is  the  mass  of  the  elec¬ 
tron,  Ui  is  the  ionization  energy,  oi  is  the  angular  frequency 
of  the  microwaves,  and  vm  is  the  collisional  frequency.  The 
effectiveness  of  the  electric  field  in  transferring  energy 
to  the  electrons  is  embodied  in  the  term 
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which  was  introduced  earlier. 

In  order  to  obtain  an  analytic  solution  of  the  voltage- 
current  relationship,  the  spatial  variation  of  the  discharge 
parameters  are  found  beginning  with  continuity  equations  for 
electrons  and  ions  and  Poisson's  equation.  The  continuity 
equations  are: 
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where  ne  and  n+  are  the  electron  and  ion  densities  respectively, 
t  is  time,  S  is  the  source  function,  x  is  the  distance  from 
the  cathode  sheath-positive  column  boundary  (increasing  toward 
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the  cathode) ,  a  is  Townsend's  first  ionization  coefficient,  W 


is  the  electron  drift  velocity,  and  R  is  the  recombination  co 
efficient.  Here,  the  time  rate  of  change  of  the  electron 
(ion)  density  is  equal  to  the  production  rate  by  the  source 
term  (S)  and  ionization  (otne|w|)  minus  the  losses  due  to  re¬ 
combination  and  electron  (ion)  flux.  The  electron  and  ion 
flux  densities  are  given  by 
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where D  is  the  longitudinal  electron  diffusion  coefficient. 
L 

The  potential,  V,  between  the  electrodes  comes  from 
Poisson's  equation 

^  IT  (48 

and  the  electric  field  is  given  by 
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The  above  equations  are  based  on  the  assumptions  that 
the  medium  between  the  electrodes  is  uniformly  ionized  by  the 
source  function  and  that  the  ionization  rate  by  the  source  is 
independent  of  the  applied  electric  field.  In  addition, 
processes  involving  Townsend's  second  coefficient  which  allow 
for  production  of  secondary  emission  electrons  at  the  elec¬ 


trodes  are  not  considered. 


Instead,  the  electrodes  are 


considered  to  be  perfect  absorbers  of  electrons  or  ions 


but  not  emitters.  Figure  5  shows  the  sign  conventions  for 
the  following  analysis. 

If  only  steady  state  solutions  to  the  equations  above  are 
considered,  they  become 
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If  we  consider  Equation  (52),  assuming  negligible  ef¬ 
fects  due  to  ionization  (a)  and  recombination  R,  use  the 
microwave  source  term  S  from  Equation  (41) ,  and  include  the 
positional  dependence  with  the  sheath  of  the  electron  density 


Equation  (40),  this  becomes 
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Integrating  to  find  j  (x) 
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substituting  this  expression  for  j  in  Equation  (47)  and  sub¬ 


stituting  this  and  Equation  (40)  into  Equation  (53)  and  con¬ 
sidering  only  longitudinal  variations  in  electric  field  it 
becomes 
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This  differential  equation  can  be  analyzed  a  little  easier  by 
malting  the  assumption  that  the  cathode  sheath  thickness  b  is 
much  greater  than  the  characteristic  length  lambda  A.  For  a 
thick  sheath  and  short  diffusion  length,  x>>A,  then  it  follows 


from  Figure  4  that  n  >>  n  and  we  can  neglect  the  contribution 
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of  n  to  the  electric  field, 
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Equation  (57)  becomes 
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and  integrating  to  find  E 
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Since  the  voltage  across  the  cathode  sheath  is  the 

integral  of  E  over  the  length  of  the  cathode  sheath 
^  «  N>  \7*  A  v  V 
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Since  the  cathode  is  not  considered  to  be  an  electron 
emitter  and  the  elctron  density  approaches  zero  near  the 
cathode,  current  at  the  cathode  is  assumed  to  be  only  due  to 
the  positive  ions  j  .  Subsituting  in  the  current  equation, 
t  =»  ej+A,  Equation  (56)  for  j  and  evaluating  at  x  *  B>>A, 


x  »  b  > > A ,  the  result  is 
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For  a  cathode  sheath  where  b=x>>A,  the  current  reaches 
a  saturation  value.  This  saturation  is  proportional  to  the 
strength  of  the  source  term.  Saturation  current  only  occurred 
for  Lowke  and  Davies  f<->r  the  case  of  very  weak  sources,  where 
the  cathode  sheath  b  was  greater  than  the  electrode  separa¬ 
tion  (Ref  8:4995). 

Analyzed  at  the  other  limit  where  b<A  implies  that  x  is 
also  less  than  A.  From  Equation  (40),  this  means  that  free 
(conduction)  electrons  exist  all  the  way  to  the  cathode. 

Under  these  conditions  the  cathode  sheath  lacks  the  definition 
it  has  when  b>>A .  When  b  <A  ,  the  voltage  drop  across  the 
Sheath  is  much  less  than  the  drop  across  the  positive  column, 
and  Model  I  applies. 

The  depletion  of  electrons  in  the  cathode  sheath  region 
due  to  the  electric  field  is  in  competition  with  diffusion, 
which  tends  to  keep  the  electron  density  uniform.  The  value 
of  the  characteristic  length  A,  then,  should  be  proportional 
to  the  electron  diffusion  coefficient  and  inversely  proportional 
to  the  electron  drift  velocity. 


This  result  is  found  analytically  by  rearranging  Equation 
(51)  and  substituting  -  ne  for  dne/dx  and  using  the  absolute 

value  of  W  with  a  negative  sign  for  the  term  ng  W 

M  +  A~  ^  (69) 
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and  wich 


(70) 


where  j  is  £ound  in  Equation  (56)  and  jCota^  is  evaluated  at 
x  *  o  (the  electrode).  Substituting  these  into  Equation  (70) 
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canceling  terms 
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which  becomes 
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Solving  for  A 


(74) 


For  a  real  solution,  it  is  necessary  to  assume  the  negative 
root,  and  recognizing  that  4Dvi/Wz<<l,  this  reduces  to 


The  fact  that  A  does  not  depend  on  the  microwave  ionization 
rate  is  reassuring.  This  characteristic  length  represents 
a  ratio  between  diffusion  due  to  the  concentration  gradient 
and  the  force  pulling  the  electrons  to  the  anode  by  the 
electric  field  which  is  embodied  in  the  drift  velocity, 
Equation  (68). 


The  equipment  used  in  this  experiment  was  configured  to 
provide  a  near  uniform  microwave  excited  discharge  in  a 
high  purity  flowing  gas  in  which  the  current-vol tage  char¬ 
acteristics  ( I -VC)  could  be  determined.  For  purposes  of 
explanation  the  equipment  will  be  described  in  subsections. 
Microwave  sources  supplied  the  ionizing  energy  to  maintain 
the  discharge  in  excited  state.  Various  waveguide  components 
were  used  to  couple  the  microwave  energy  to  the  applicator 
while  protecting  the  sources.  The  applicator  is  the  device 
which  actually  couples  the  microwave  energy  to  the  discharge 
plasma.  The  discharge  tubes  contain  the  electrodes  which 
provide  the  DC  field  used  to  measure  the  I-VC.  Direct  cur¬ 
rent  (DC)  sources  and  diagnostic  equipment  were  used  to 
obtain  the  plasma  characteristics.  Discharge  tube  gas 
pressure  and  flow  rates  (and  thereby  the  purity)  were  de¬ 
termined  for  the  gas  supply  and  vacuum  system.  In  addition 
to  these,  personnel  safety  was  ensured  by  an  interlock  sys¬ 
tem  that  monitors  radiation  levels  and  provides  automatic 
or  manual  emergency  shutdown  in  case  of  hazardous  microwave 
leakage  or  other  operator  detected  emergency. 

Microwave  Sources 

The  experiment  used  two  continuous  microwave  sources 
and  has  provisions  for  the  application  of  pulsed  microwave 
energy  from  two  separate  generators.  The  continuous  (CW) 
microwave  sources  used  were  Gerling  Moore,  Inc.  Model  4006 


low  ripple  power  sources.  The  CW  generators  operate  at 
2.45  GHz  in  the  industrial  microwave  band,  are  capable  of 
2.5  kilowatts,  and  have  front  panel  waveguide  output.  Both 
Cw  sources  were  operated  at  about  80%  of  full  power  to  mini¬ 
mize  ripple  in  the  output.  The  power  levels  actually 
coupled  to  the  applicators  were  adjusted  by  detuning  a 
circulator-dummy  load  (this  will  be  described  in  more  detail 
later)  . 

For  pulsed  operation  two  Epsco  Model  PG5KB  generators 
are  available  which  give  a  peak  output  of  about  4.5  kilo¬ 
watts.  While  the  CW  sources  are  fixed  frequency,  the 
PG5KB  can  operate  over  a  frequency  range  of  2.35  to  2.7 
GHz  with  the  Model  5238HB8  plugin.  The  pulse  repetition 
rate  can  be  varied  with  internal  or  external  control  over 
a  range  of  20  to  25,000  pulses  per  second.  The  pulse 
width  is  0.3  to  50  microseconds  with  a  maximum  duty  cycle 
of  0.005  for  rated  power.  The  Epsco  has  a  coaxial  output. 

Any  combination  of  the  microwave  sources  can  be  used 
at  once.  The  most  uniform  discharges,  however,  seem  to 
come  from  approximately  balanced  power  from  both  CW  sources. 


Microwave  Components  (Loads,  Circulators,  and  Detectors) 
The  microwave  applicators  are  connected  to  the  gen¬ 
erators  by  flexible  rectangular  waveguide  (Figure  6) .  The 
flexible  waveguide  and  quick  connect  ring  clamps  make  re¬ 
configuring  easier  and  allow  for  changes  in  the  relative 
positions  of  the  applicators. 
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Figure  6.  Experimental  Arrangement 


With  the  CW  generators  operating  at  about  80  percent 
of  peak  power  and  the  discharge  requiring  a  relatively 
small  amount  of  the  power,  the  remaining  microwave  power 
must  be  channeled  into  dummy  loads.  On  the  output  of  the 
CW  generators  are  circulators  which  direct  the  microwave 
power  into  dummy  loads  via  impedance  matching  sections  with 
three  stub  tuners.  By  introducing  a  mismatch  at  the  dummy 
load,  part  of  the  power  is  reflected  back  into  the  circulato 
and  out  to  the  applicator.  With  this  arrangement,  rela¬ 
tively  small  amounts  of  power  can  be  directed  to  the  ap¬ 
plicator  while  driving  the  magnetrons  at  a  higher  power 
level  where  there  is  less  ripple. 

Protecting  the  CW  generators  from  reflected  power  are 
another  set  of  circulators  and  associated  dummy  loads. 

These  circulators  are  placed  immediately  following  those 
used  for  power  adjustment.  The  microwave  power  from  the 
generator  is  allowed  to  pass  on  to  the  applicator  but  power 
reflected  (toward  the  generator)  is  directed  into  a  dummy 
load.  Microwave  power  that  is  not  absorbed  in  the  plasma 
or  reflected  is  transmitted  out  the  other  end  of  the  ap¬ 
plicator.  On  the  output  end  of  the  applicator  another 
circulator-dummy  load  arrangement  is  used.  Here  the  un¬ 
used  power  from  the  applicator  is  dissipated  in  a  dummy 
load.  The  third  port  of  this  circulator-dummy  load  has  a 
waveguide  to  coax  adapter  that  is  connected  to  the  Epsco 
generator  for  pulsed  microwave  insertion.  Therefore,  the 


pulsed  microwave  power  is  coupled  to  the  applicator  while 
the  unused  CW  power  and  reflected  pulsed  power  is  dissi¬ 
pated  in  the  dummy  load. 

In  order  to  determine  the  amount  of  power  that  is 
actually  dissipated  in  the  plasma,  power  incident  on  each 
applicator,  power  through  each  applicator,  and  power  re¬ 
flected  must  be  accounted  for.  These  measurements  were 
made  using  Ger ling-Moore  detector  mounts.  Models  4009  and 
4010.  These  are  small  in  line  waveguide  directional 
couplers  which  have  about  45  dB  of  attenuation  and  30  dB 
directivity.  The  detectors  used  were  Hewlett  Packard  420A 
with  point  contact  diodes.  Analog  meters,  calibrated  in 
scales  of  0-1000  and  0-3000  watts,  were  connected  to  the 
H/P  42 0 A  detectors.  Accuracy  claimed  by  the  manufacturer 
is  about  5  percent  of  full  scale  for  these  power  monitors. 
Previous  experimenters  using  this  same  equipment  suggest 
an  accuracy  of  more  like  15  percent  of  full  scale  but  having 
a  repeatability  in  settings  of  5  percent.  The  detector 
mounts  are  sensitive  to  mechanical  shock  which  can  change 
the  position  of  the  detector  probe  and  thus,  its  coupling 
factor.  Also,  the  detector  crystals  are  sensitive  to  high 
voltage  transients  from  other  equipment  such  as  the  tesla 
coil  used  to  initiate  the  plasma  discharge.  Therefore, 
the  accuracy  of  the  meters  was  checked  against  local 
standards  (described  in  the  next  chapter) . 

With  the  magnetrons  operating  at  near  maximum  power 
and  a  relatively  small  amount  of  this  power  deposited  in 


the  plasma,  the  dummy  loads  must  be  cooled  to  dissipate 
the  unused  power.  In  addition,  the  CW  microwave  generators 
require  cooling  for  the  magnetron  oscillator  tubes.  Two 
single  pass,  flowing  (tap)  water  circuits  are  used  to  cool 
the  magnetrons  and  dummy  loads.  The  generators  are  inter¬ 
locked  with  coolant  flow  switches  to  prevent  damage  to  the 
magnetrons.  A  closed  cycle  cooling  circuit  is  used  to  pro¬ 
tect  the  three  port  circulators  from  overheating.  A  Neslab 
Model  HX-200  closed  cycle  heat  exchanger  pumps  and  cools 
the  water-Clorox  cooling  mix.  The  Clorox  is  used  to  pre¬ 
vent  algae  growth.  An  additional  house  water  circuit  cools 
the  heat  exchanger. 

Applicator 

To  couple  the  microwave  energy  into  the  plasma,  two 
identical  applicators  were  used  to  form  a  sandwich  with  the 
discharge  tube  in  between  (Figure  7) .  The  applicators  were 
Gerling-Moore ,  Inc.  Model  4055  interdigital  slow  wave  trans¬ 
mission  lines.  As  the  microwave  energy  travels  down  the 
interdigital  line,  an  evanescent  field  extends  away  from 
the  surface.  It  is  the  evanescent  field  which  interacts 
with  the  fill  gas  in  the  discharge  tube.  Since  this  appli¬ 
cator  behaves  more  like  a  transmission  line  than  a  resonant 
cavity,  which  is  frequently  used  to  generate  intense  micro- 
wave  fields  for  similar  applications,  its  properties  are 
more  broad  band  (than  the  high  Q  resonator)  and  power 
which  is  not  absorbed  in  the  load  travels  to  the  exit  end 
of  the  line  and  is  not  reflected. 
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Figure  7»  Microwave  Applicator 


The  applicator  is  constructed  of  dip  brazed  aluminum 
with  an  active  microwave  area  1  by  18  inches  and  has  WR  284 
waveguide  flanges.  Operating  in  the  frequency  range  of 
2.4  to  2.5  GHz,  it  has  a  maximum  power  rating  of  three  kilo¬ 
watts.  The  manufacturer  specifies  the  field  strength  to  be 
5000  volts  per  centimeter  at  an  input  power  of  2.5  kilo¬ 
watts.  The  fields  fall  off  exponentially  to  nearly  zero  at 
a  half  wavelength,  approximately  10  cm,  above  the  applicator 
in  the  free-field  condition.  At  this  distance  the  leakage 
fields  should  be  less  than  ten  milliwatts  per  square  centi¬ 
meter  (Ref:  23).  With  the  plasma  tube  sandwiched  between 
the  two  applicators  the  free-field  conditions  are  not  ex¬ 
pected  to  be  valid  as  the  boundary  conditions  are  changed. 

Previous  experiments  were  done  by  Universal  Energy 
Systems,  Inc.  and  Technology,  Inc.  using  the  same  appli¬ 
cators.  As  part  of  their  experiments,  the  electric  fields 
above  the  applicators  were  determined.  The  fields  were 
measured  with  a  dipole  antenna  probe.  Electric  field 
versus  height  measurements  were  taken  at  many  locations 
along  the  longitudinal  axis  of  the  applicator  and  the  result 
averaged.  Using  the  breakdown  characteristics  of  helium  at 
various  pressures  and  the  field  decrease  with  height  from 
the  dipole  measurements,  the  electric  field  was  determined 
to  be  3600  volts/cm  at  about  one  millimeter  above  the  ap¬ 
plicator  with  2.5  kilowatts  input. 

In  the  free-field  condition,  the  field  distribution 
would  appear  as  in  the  cut-away  of  Figure  8a.  If  a 


discharge  tube  is  placed  in  the  field,  power  is  absorbed 
from  the  first  section  with  a  subsequent  decrease  in  power 
level  farther  down  the  applicator,  Figure  8B.  The  fields 
can  quickly  fall  below  the  ionization  threshold  of  the  gas 
resulting  in  a  discharge  at  only  one  end.  To  obtain  a 


uniform  discharge,  the  tube  must  be  placed  at  an  angle  with 
respect  to  the  applicator  surface.  The  inclination  of  the 


tube  should  match  the  reduction  in  power  due  to  the  plasma 
excitation.  Figure  8C.  The  most  uniform  discharge  was  ob¬ 
tained  when  the  two  applicators  are  separated  so  the  dis¬ 
charge  tube  can  be  placed  at  an  angle  with  respect  to  both 


of  them.  In  addition,  the  microwave  power  from  the  two 
separate  sources  was  fed  from  opposing  ends  (upper  and 
lower) . 


Interlock  System 

For  safety  of  both  equipment  and  operating  personnel, 
an  interlock  system  was  used.  If  the  ombient  microwave 
power  in  the  test  area  becomes  excessive,  the  interlock 
system  will  turn  off  all  of  the  microwave  generators.  The 
master  control  unit  is  a  Holiday  Industries,  Inc.  Model 
HI-1500-3  microwave  interlock  system.  The  master  unit 
controls  a  slave  unit  that  contains  interrupting  relays  for 
the  generators.  A  radiation  sensor  on  the  master  control 
unit  can  open  the  interlock  loop.  Also,  if  the  operator 
should  detect  a  situation  requiring  immediate  microwave 
shutdown,  there  is  a  panic  button  which  will  also  open  the 
interlock  loop. 
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For  the  protection  of  the  2.5  kilowatt  CW  generators 


both  of  their  cooling  circuits  are  equipped  with  flow 
switches.  These  switches  are  in  series  with  the  control 
circuitry  and  prevent  magnetron  operation  without  coolant 
f  low . 

As  an  added  precaution  against  dangerous  microwave 
radiation  levels,  a  porta.ble  field  intensity  measuring  test 
set  is  available.  A  Narda  Microline  Model  8110  electro¬ 
magnetic  radiation  monitor,  capable  of  measuring  radiation 
levels  down  to  2  mW/cm2  full  scale,  is  used  to  sniff  out 
hazardous  radiation  under  operating  conditions  after  a 
change  in  configuration  is  made. 

Discharge  Tubes 

Two  styles  of  discharge  tubes  were  used  in  the  ex¬ 
periments.  In  both  cases  the  discharge  tubes  were  con- 
tructed  of  quartz  with  optically  clear  quartz  windows  on 
the  ends.  The  electrodes  were  between  the  gas  inlet  and 
exit  ports  with  the  discharge  tube  and,  therefore,  the  gas 
flow,  longitudinal  or  along  the  axis  of  the  applicators. 

The  first  discharge  tube  used  14  centimeter  electrodes 
which  applied  an  electric  field  transverse  to  the  flow  of 
the  gas  (and  applicator) .  A  drawing  of  this  discharge  tube 
with  dimensions  is  in  Figure  9A.  With  the  electrode  spacing 
only  0.8  cm,  care  was  taken  to  reduce  field  enhancement  at 
the  electrode  surfaces.  The  electrodes  (aluminum)  were 
cut  to  approximate  a  Chang  profile  (Ref:  23)  by  machining 
the  central  opposing  surfaces  with  two  different  radii  and 


rounding  the  edges.  The  ends  were  hand  ground  to  match  a 
Chang  profile  template.  A  back  radius  to  match  the  dis- 
chage  tube  inner  wall  located  the  electrodes  and  they  were 
held  in  place  by  single  kovar  rods  threaded  into  the  elec¬ 
trodes  and  exiting  through  graded  glass  seals. 

Early  tests  showed  that  aluminum  electrodes  placed  in 
the  applicator  fields  did  not  show  signs  of  ohmic  heating. 
During  the  first  series  of  I-VC  runs  using  pure  (tank) 
helium  at  0.5  torr,  with  300  watts  applied  to  the  appli¬ 
cators,  the  electrodes  began  to  melt.  This  initiated  the 
design  of  the  second  tube. 

The  second  discharge  tube,  similar  in  construction  to 
the  first  tube  (Figure  9B) ,  used  1/2  inch  diameter  by  2 
inch  long  kovar  cylinder  electrodes  at  the  ends  of  the  dis¬ 
charge  tube.  A  new  quartz  tube  and  windows  were  required 
but  the  graded  seals  were  reused.  The  electrode  separation 
for  this  tube  is  40.6  cm  and  special  profiles  were  not  used 

Gas  and  Vacuum  System 

In  order  to  keep  the  purity  of  the  fill  gas  in  the 
discharge  tube  as  high  as  possible,  a  flowing  gas  system 
was  used.  Shown  in  Figure  10,  the  gas-vacuum  system  used 
a  metering  valve  to  control  the  flow  and  pressure  in  the 
discharge  tube.  Due  to  the  relatively  low  conductance  of 
the  plumbing,  flow  rate  and  discharge  tube  pressure  were 
not  independent.  For  higher  pressures  (<^10  torr),  it 


was  necessary  to  throttle  the  intake  line  to  the  mechanical 
pump  to  avoid  unnecessarily  high  flow  rates.  Flow  rates 
were  measured  with  a  Hastings  Model  ALL-500  mass  flow 


Figure  10.  Gas  and  Vacuum  System 


meter  and  the  pressure  was  monitored  by  a  Wallace  and 
Tiernan  pressure  gauge  (0.1-20  torr) .  The  Wallace  and 
Tiernan  pressure  gauge  was  calibrated  against  a  Baratron 
gauge  and  it  was  found  that  a  +0.25  torr  adjustment  to  the 
gauge  reading  was  required. 

System  leakup  measurements  were  made  (Figure  11)  and 
the  leakup  rate  was  determined  to  be  1.16  millitorr  per  min 
With  this  rate,  a  purity  of  one  part  in  10,000  would  be 
maintained  at  about  3  SCCM  and  one  part  in  1000  at  0.3  SCCM 
With  the  discharge  tube  pressure  set  for  one  torr,  there 
was  a  flow  rate  of  about  5  SCCM. 

The  gases  used  for  the  experiment  were  all  high  puri¬ 
ty,  analyzed  gases.  The  argon-nitrogen  mixes  were  0.1, 

1.0,  9.98  percent  nitrogen  in  argon.  Used  for  comparison 
and  as  controls  were  1.0  and  10  percent  nitrogen  in  helium, 
tank  helium  and  pure  argon. 

DC  Source  and  Diagnostics 

For  the  first  discharge  tube,  DC  voltage-current 
characterization  used  a  slowly  varying  voltage  source  and 
recorded  the  discharge  current  as  a  function  of  the  applied 
voltage,  see  Figure  12.  The  voltage  source  used  was  a 
Wavetek  Model  144  HF  sweep  generator  that  provided  a 
triangular  wave  and  a  Hewlett  Packard  Harrison  6824A  power 
supply-amplifier.  This  voltage  signal  was  applied  to  the 


discharge  tube  through  a  Fluke  A90  current  shunt  that  was 
used  to  develop  a  voltage  proportional  to  the  plasma 


Figure  12.  Diagnostics  for  Discharge  Tube  I 


Figure  13*  DC  Diagnostics  for  Discharge  Tube  II 


current.  A  Hewlett  Packard  7000  series  X-Y  recorder 
plotted  the  voltage  across  versus  the  current  through  the 
discharge  tube  on  the  X  and  Y  axis,  respectively. 

The  power  levels  were  visually  monitored  on  analog 
meters,  described  earlier,  but  the  actual  power  levels  were 
recorded  as  diode  voltages,  read  in  parallel  with  the  meters. 
A  rotary  switch  permitted  a  Fluke  Model  2401C  integrating 
voltmeter  to  access  each  of  the  important  power  monitoring 
diode  detectors.  Conversion  from  th>2  diode  voltage  read¬ 
ings  to  power  in  watts  is  taken  from  individual  calibration 
curves  for  the  meters. 

With  the  second  discharge  tube  in  place,  it  was  nec¬ 
essary  to  go  to  a  higher  voltage  supply  as  the  HP  6824  was 
limited  to  plus  and  minus  50  volts,  see  Figure  13.  An  HP 
2 12 A  replaced  the  triangular  wave  generator  and  amplifier 
and  it  was  necessary  to  'sweep'  the  applied  voltage  by 
hand,  slowly  rotating  the  high  voltage  adjustment.  The 
applied  voltage  was  monitored  by  a  Fluke  Model  8000A 
digital  multimeter.  The  rest  of  the  diagnostics  remained 
the  same  but  at  voltages  higher  than  180  volts,  the  X-axis 
sensitivity  on  the  X-Y  recorder  had  to  be  reduced.  A 
voltage  scale  was  placed  on  the  X-axis  for  calibration. 

Pulsed  I-VC  measurements  were  made  by  using  a  General 
Radio  Model  1217B  pulse  generator  as  a  voltage  source. 
Simultaneous  voltage  and  current  waveform  displays  were 
presented  on  a  Tektronix  556  oscilloscope.  While  the  ap¬ 
plied  voltage  came  in  through  a  1A4  plugin,  the  plasma 


current  monitor  waveform  passed  through  a  1a7a  high  gain 
differential  amplifier  that  was  band  limited.  This  provided 
some  reduction  of  high  frequency  noise  on  the  current  mon¬ 
itor  signal.  Line  synchronization  for  the  pulsed  measure¬ 
ments  came  from  another  Tektronix  545A  oscilloscope.  This 
reduced  a  considerable  amount  of  current  signal  amplitude 
variation  due  to  power  fluctuations  that  resulted  from  line 
frequency  ripple  in  the  high  voltage  DC  supplies  for  the 
magnetrons,  see  Figure  14. 


Procedure  and  Results 


This  section  describes  the  procedures  used  in  this 
investigation.  First,  the  experimental  preliminaries  of 
checking  the  gas  and  vacuum  system  will  be  described  along 
with  the  calibration  checks  for  the  power  meters  used  in 
data  taking.  Following  this  will  be  a  description  of  the 
normal  operating  procedure.  Finally,  the  methods  used  to 
measure  the  current- voltage  'characteristics  will  be  pre¬ 
sented  along  with  initial  and  observations  that  were  driv¬ 
ing  forces  in  the  direction  the  experiment  was  to  take 
and  the  data. 

Gas/Vacuum  System 

The  gases  used  in  this  experiment  were  all  ’high  pur¬ 
ity'  pure  or  specified  percentage  mixtures.  This  was  to 
reduce  the  effects  of  contaminants  that  may  disguise  the 
results  that  were  sought.  in  order  to  reduce  the  amount  of 
contaminants  that  may  be  introduced  into  the  discharge  tube 
during  a  measurement,  the  system  was  first  made  vacuum  tight 
to  achieve  the  best  mechanical  seals  possible  with  the 
vacuum  components  used.  Leak  up  rates  were  then  taken  and 
adjustments  were  made,  as  required,  to  obtain  the  lowest 
possible  leak  up  rate.  All  of  the  components  had  not  been 
used  for  some  timv  so  the  entire  system  was  pumped  on  for 
72  hours  to  reduce  outgasing.  In  addition  to  the  components 
listed  in  the  equipment  chapter,  it  was  necessary  to  add  a 
Hastings  Model  VT-6  vacuum  gauge  to  the  system.  It  was 
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possible  to  achieve  a  vacuum  of  5.5  microns.  With  the 
pump  sealed  off,  the  pressure  was  allowed  to  rise  in  the 
system  and  the  increase  of  pressure  versus  time  is  plotted 
in  Figure  11.  Calculations  were  then  made  to  find  the  min¬ 
imum  flow  rate  that  would  be  necessary  to  maintain  a  purity 
of  one  part  in  10,000.  This  flow  rate  was  maintained  during 
the  measurements. 

Other  steps  were  taken  to  insure  high  purity.  when  a 
gas  cylinder  was  changed,  the  fittings  were  flushed  with  the 
new  gas  prior  to  sealing  the  connection  between  the  regu¬ 
lator  and  the  cylinder.  After  the  connection  was  made, 
the  new  gas  was  allowed  to  flow  through  the  discharge  tube 
at  rates  greater  than  500  SCCM  for  two  to  five  minutes 
before  reducing  the  pressure  for  measurement.  when  the  sys¬ 
tem  was  not  in  use  and  the  gas  was  turned  off,  the  vacuum 
pump  was  left  on  to  keep  leak  contaminants  down  to  a  minimum 


Microwave  Power  Meter  Calibration 


The  microwave  power  meters  used  in  this  experiment 
consisted  of  Gerling  Moore  Model  4009  and  4010  detector 
mounts  and  meters  used  with  Hewlett  Packard  420A  detectors. 
The  calibration  of  the  detector  mounts  can  be  easily  altered 
by  handling  and  the  diodes  are  subject  to  degradation  by 
high  voltage  transients  and  ground  return  currents.  Also, 
since  the  power  meters  had  not  been  calibrated  recently, 
this  calibration  check  was  made. 

There  were  no  local  standards  available  that  could 


measure  the  average  power  required  at  the  frequency  at 


which  the  detectors  operate.  It  was  necessary  to  check 
the  calibration  of  the  m  ers  against  one  another  and  use 
a  series  of  couplers  and  an  attenuator  that  would  be  able 
to  reduce  the  power  to  a  level  that  could  be  measured  on 
an  HP  431C  power  meter.  The  microwave  generator  used  was 
one  of  the  2 . 5kw  CW  discharge  exciters.  Figure  15  shows  the 
equipment  ser.  up  for  calibration. 

The  generator  output  was  coupled  to  the  chain  of  de¬ 
tectors  by  two  circulators  with  dummy  loads,  one  tunable. 
Reflected  power  from  the  tunable  load  was  the  microwave 
power  used  for  calibration.  At  the  output  of  the  detector 
string  was  a  10  dB  HP  directional  coupler  followed  by  a 
water  load.  The  10  dB  output  from  the  directional  coupler 
was  reduced  further  by  a  20  dB  cross  guide  coupler.  The 
output,  now  30  dB  below  the  input  level,  was  attenuated 
still  more  by  an  HP  variable  attenuator  before  measurement 
by  the  431C  power  meter.  Unused  ports  on  the  couplers  were 
terminated  in  dummy  loads . 

The  valu  >  of  power  indicated  by  the  detector's  meters 
was  monitored  by  a  digital  voltmeter  and  readings  were 
taken  at  several  power  levels  up  to  500  watts.  After  cali- 
bration  values  had  been  taken  in  the  forward  direction,  the 
detectors  were  reversed  and  readings  were  taken  again. 

This  reversal  of  the  detectors  provided  calibration  for 
the  detector  mounts  that  measured  both  forward  and  reverse 
power.  Reversing  the  detectors  also  gave  an  indication  of 
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Figure  15*  Power  Meter  Calibration 
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the  directivity  of  the  couplers. 


Poor  directivity  would 
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have  caused  the  detector  to  register  power  regardless  of 
the  direction  of  the  power  flow. 

A  millivolt  supply  was  constructed  using  a  battery  to 
determine  the  power  meter  response  to  the  detector  voltage 
dlitput.  This  data  provided  a  comparison  of  the  digital 
voltmeter  readings  to  the  analog  meter  indications. 


Power-Up,  Power-Down 

The  power-up  and  power-down  procedures  were  the  fame 
for  all  microwave  operations  regardless  of  the  discharge 
tube  used.  Slight  deviations  could  be  tolerated  when  their 
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effects 

Power-Up 

1. 

2  . 

3  . 
4. 

5  . 

6  . 

7  . 

8  . 
9. 

10. 
11. 
12  . 
13. 


were  taken  into  consideration. 


Turn  on  the  house  cooling  water. 

Turn  on  the  heat  exchanger. 

Check  the  water  pressure  gauges. 

Apply  rack  power  to  the  CW  microwave  equipment. 
Check  the  integrity  of  the  microwave  plumbing. 
Set  the  gas  regulator  for  5  psi. 

Open  the  flow  regulator  valve  on  the  vacuum  sys¬ 
tem  and  purge  the  system. 

Turn  the  pulse  microwave  generator  on  standby. 
Turn  on  the  CW  microwave  generators. 

Turn  on  the  test  equipment. 

Regulate  the  gas  flow  for  the  desired  pressure. 

Turn  on  the  radiation  warning  signs. 

Turn  on  the  high  voltage  for  the  CW  generators 
and  set  the  magnetron  current. 


14.  Initiate  the  discharge,  if  necessary,  with  the 
Tesla  Coil. 

15.  Check  or  set  the  microwave  power  as  required. 

16.  Turn  on  the  high  voltage  to  the  pulsed  microwave 
supply . 

17.  Adjust  pulsed  microwave  pulse  parameters. 

18.  Make  the  required  I-V  measurements. 


Power-Down  (end  of  day) 
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IV-C  for  Discharge  Tube  I 

Current  voltage  characteristics,  IV-C,  for  the  first 
discharge  geometry  were  recorded  on  an  X-Y  recorder.  The 
X-axis  was  driven  by  the  voltage  that  was  placed  across  the 


5 


discharge  tube  and  the  current  monitor  resistor.  An  attempt 
was  made  to  float  the  input  to  the  X-axis  channel  off  of 
ground  so  that  the  X  position  would  be  equivalent  to  the 
voltage  applied  to  the  discharge  tube.  This  would  not  work 
due  to  the  relatively  low  input  impedance  of  the  X-axis 
channel.  The  generator  output  was  loaded  down  and  the 
current  through  the  monitor  resistor  had  a  large  component 
contributed  by  the  X-axis  plugin.  Also,  with  the  ground 
floating,  there  was  a  considerable  noise  component  which  was 
reduced  once  the  input  was  grounded. 

The  current  through  the  discharge  was  monitored  as  the 
voltage  across  a  series  resistance.  This  voltage  was 
applied  to  the  Y-axis  input. 

Both  channels  experienced  a  lot  of  noise  so  the  re¬ 
corder  was  operated  with  the  set-up  mode  filter  to  reduce 
the  load  on  the  recorder's  servo  system.  when  the  IV-C 
was  taken  for  a  run,  the  result  was  an  almost  linear  plot 
with  a  slope  that  was  proportional  to  the  microwave  power 
input.  The  voltage  generator  was  applying  a  +  10  volt 
triangular  wave  at  a  frequency  of  about  10  cycles  per 
minute  to  the  discharge  tube.  In  this  configuration,  a 
loop  would  form  at  the  tip  to  the  plot  when  the  X-drive 
would  change  direction  with  the  applied  voltage.  It  was 
found  that  this  was  due  to  the  lower  frequency  response  of 
the  servo  system  in  the  set-up  mode.  Once  this  problem 
was  identified,  the  remaining  traces  were  taken  in  the 
record  mode. 
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The  gases  which  were  used  in  the  first  discharge  tube 
were  10%  nitrogen-90%  helium  mixture  and  tank  helium.  The 


nitrogen-argon  mixtures  were  not  used  at  this  time  due  to 
their  late  arrival.  Data  runs  were  made  at  different  pres¬ 
sures  and  microwave  towers.  Figures  16  and  17.  The  power 
meter  readings  were  taken  using  a  rotary  switch  which  would 
connect  a  digital  voltmeter  to  all  the  power  detectors. 

This  data  was  used  to  compute  the  actual  power  going  into 
the  discharge. 

The  final  run  in  the  first  discharge  tube  was  at  0.5 
torr  of  helium  with  about  500  watts  of  CW  microwave  power. 
The  discharge  around  the  electrodes  took  on  a  different 
color.  When  the  microwave  power  was  shut  down,  it  was 
observed  that  the  aluminum  electrodes  had  experienced  unex¬ 
pected  heating  producing  surface  melting  and  warping.  Sub¬ 
sequent  tests  with  aluminum  in  the  microwave  fields  at 
atmospheric  pressure  without  a  temperature  rise  indicated 
that  the  electrodes  had  not  been  heated  by  ohmic  heating 
with  surface  currents  from  the  microwaves.  It  was  concluded 
that  the  damage  was  due  to  plasma  heating  and  radiation. 

IV-C  for  Discharge  Tube  II 

With  the  second  discharge  tube  the  electrodes  were 
separated  by  40.5  centimeters.  In  order  to  achieve  the 


same  range  of  E/N  that  was  used  for  the  first  tube,  it 
was  necessary  to  use  a  higher  voltage  source.  A  DC  supply 
(HP  212B)  was  used  and  the  voltage  was  controlled  by  hand. 


Torr  Pressure 


Figure  16.  I-V  Characteristics  for  10%  Nitrogen  in  Helium  in  Discharge  Tube 


Torr  Pressure 
150  Watts 


The  X-Y  recorder  connections  remained  the  same.  To  use  the 
entire  voltage  available  from  the  power  supply  (500V) ,  it 
was  necessary  to  reduce  the  sensitivity  of  the  X-axis  input 
channel.  When  the  sensitivity  was  reduced,  a  scale  was 
placed  on  the  plot  to  indicate  the  X  voltage  scale.  Cali¬ 
bration  marks  were  made  by  making  a  separate  trace  and 
marking  25  or  50  volt  increments  as  measured  on  a  Fluke 
digital  multimeter  (see  Figure  18). 

The  gases  used  in  making  these  plots  were  9.82%  ni¬ 
trogen  in  argon  and  10%  nitrogen  in  helium.  The  apparent 
saturation  in  the  IV-C  was  unexpected.  A  switch  was  in¬ 
stalled  that  would  allow  reversal  of  the  cathode-anode 
connections.  Under  the  same  conditions,  but  with  the 
cathode  and  anode  positions  reversed  (electrically),  the 
trace  had  a  slightly  lower  saturation  value. 

As  the  voltage  was  increased  beyond  the  point  of  ap¬ 
parent  saturation,  there  was  a  slight  jump  in  the  current 
followed  at  a  higher  voltage  by  a  steady  increase  in  cur¬ 
rent  with  increasing  voltage.  With  the  aid  of  other  ob¬ 
servers  it  was  found  that  the  'jump'  in  current  as  the 
voltage  was  increased  occurred  at  the  same  time  as  a  sudden 
increase  in  cathode  involvement;  that  is,  the  glow  dis¬ 
charge  suddenly  extended  itself  over  more  of  the  cathode 
(about  one  square  centimeter) .  As  the  voltage  was  de¬ 
creased  from  its  highest  level,  another  'jump'  in  current 
occurred,  decreasing  the  current  suddenly.  This  sudden 
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Figure  18.  DC  Characteristics  for  Tube  II 


decrease  in  current  occurred  at  a  lower  voltage  than  the 
sudden  increase  and  was  coincident  with  a  decrease  in 
cathode  involvement. 

It  was  speculated  that  the  increase  in  current  after 
the  saturation  region  with  increasing  voltage  was  due  to 
the  onset  of  Townsend  ionization  and  possibly  a  DC  sus¬ 
tained  discharge.  To  check  this,  the  microwaves  were  inter 
rupted  in  this  region  (275  volts  with  lOOma  current) . 

The  discharge  current  dropped  to  zero  and  the  discharge 
was  exteinguished .  While  Townsend  ionization  may  have 
begun,  it  was  not  adequate  to  sustain  the  discharge. 

In  an  effort  to  get  away  from  effects  which  may  happen 
on  the  order  of  a  diffusion  (radial)  time  constant  (about 
160  microseconds)  or  longer,  leading  to  saturation,  the 
IV-C  was  made  using  a  pulse  generator  and  an  oscilloscope 
monitor.  A  General  Radio  pulse  generator  with  a  variable 
pulse  length  was  used  to  supply  the  'DC  voltage'.  The 
pulse  width  was  long  compared  to  the  microwave  period  and 
the  time  it  takes  the  discharge  to  reach  steady  state  cur¬ 
rent.  The  discharge  current  and  voltage  waveforms  were 
observed  on  a  dual  channel  Tektronix  556  oscilloscope. 

During  the  initial  attempts  at  pulsed  operation  a  con¬ 
siderable  amount  of  noise  and  gross  fluctuation  appeared 
on  the  pulsed  current  traces.  Two  types  of  noise  were 
identified  and  it  was  possible  to  eliminate  their  effects. 
There  was  a  360  Hertz  ripple  noise  component  which  was  due 
to  line  frequency  ripple  (three  phase-full  wave 
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rectification)  in  the  high  voltage  supply  for  the  magne¬ 
trons.  These  variations  in  the  high  voltage  caused  cor¬ 
responding  fluctuations  in  the  microwave  power  output. 

The  effects  of  this  noise  were  avoided  by  synchronizing 
the  pulse  measurements  on  the  line  voltage  and  making  the 
pulse  much  shorter  in  time  than  the  variation  due  to  the 
ripple . 

Another  noise  source  was  the  coupling  of  microwave 
power  to  the  oscilloscope  through  the  current  monitor 
leads.  The  effects  of  this  were  reduced  using  a  Tektronix 
1 A7 A  plugin  with  a  1MHz  lowpass  filter. 

For  the  pulse  measurements,  about  140  watts  of  micro- 
wave  power  (as  read  on  the  input  meters)  was  used  to  sus¬ 
tain  the  discharge.  The  reflected  and  transmitted  power 
will  be  taken  into  account  in  the  analysis.  A  pulse  width 
of  5  microseconds  was  applied  at  various  voltages  and  the 
corresponding  amplitude  of  the  current  waveform  was  meas¬ 
ured.  The  current  waveform  amplitude  was  recorded  at  0.4 
and  4.0  microseconds  after  the  beginning  of  the  pulse  for 
the  argon  and  argon-nitrogen  gases.  The  helium  and  helium 
nitrogen  gases  were  measured  at  the  4  microsecond  point. 

Recording  the  current  pulse  amplitude  at  0.4  micro¬ 
seconds  was  prompted  by  the  fact  that  the  argon  and  argon- 
nitrogen  gases  would  show  a  peak  at  the  beginning  of  the 
pulse  at  input  voltages  greater  than  8  to  10  volts,  re¬ 
gardless  of  the  pressure.  After  the  peak  at  the  leading 


edge  of  the  pulse,  the  current  would  drop  to  a  constant 
value  until  the  end  of  the  pulse.  Variation  in  the  width 
of  the  applied  pulse  did  not  change  the  current  waveshape 
behavior . 

As  the  voltage  pulse  was  increased  in  amplitude,  the 
discharge  current  began  to  load  the  generator  output. 

Care  was  taken  to  read  the  voltage  pulse  at  the  same  points 
in  time  as  the  current  waveform.  The  results  of  the  pulse 
IV-C  readings  at  0.4  and  4.0  microsecond  points  can  be  seen 
in  the  appendix. 

It  was  found  that  when  the  current  had  reached  its 
saturation  value,  it  could  be  increased  by  increasing  the 
microwave  power  to  the  discharge.  While  the  discharge  cur¬ 
rent  would  increase,  it  would  still  reach  a  saturation  point 
with  increasing  voltage,  for  a  given  microwave  power  input. 

In  an  attem  to  determine,  qualitatively,  if  the 
saturation  effects  observed  were  cathode  sheath  dominated, 
a  permanent  magnet  was  inserted  in  the  cathode  region  (out¬ 
side  the  tube)  while  observing  its  effects  on  the  discharge 
current.  Observations  were  made  with  the  input  pulse  at  a 
voltage  below  saturation  and  at  a  level  above  saturation. 

It  appeared  that  the  magnet's  presence  produced  a  greater 
percentage  effect  at  the  saturation  level.  When  the  magnet 
was  placed  near  the  anode,  the  results  were  not  as  dramatic. 

Another  approach  to  perturb  the  cathode  sheath  effects 
was  to  use  the  microwave  pulse  generator  and  feed  in  to  the 
cathode  area  a  2  or  3  kilowatt  pulse.  This  should  create  a 


local  increase  in  ionization  and  generate  ultraviolet 
radiation  which  would  produce  photoelectrons  at  the  cathode. 
The  pulsed  microwave  source  was  triggered  by  the  A-channel 
delayed  gate  output  from  the  oscilloscope.  This  allowed 
movement  of  the  pulse  in  time  to  points  before,  during,  or 
after  the  voltage  pulse.  Introduction  of  the  microwave  pulse 
during  or  before  the  voltage  pulse  resulted  in  a  large  in¬ 
crease  in  discharge  current.  There  would  be  an  increase  in 
discharge  current  even  if  the  microwave  pulse  had  completed 
its  pulse  prior  to  the  voltage  pulse  turn-on.  The  fact  that 
the  current  increase  occurred  even  after  the  microwave  pulse 
was  turned  off  indicated  that  direct  ultraviolet  initiated 
emission  of  electrons  from  the  cathode  was  not  the  cause 
but  rather  a  buildup  of  electron  density  in  the  sheath. 

If  the  microwave  pulse  ended  within  the  voltage  pulse  time 
frame,  the  current  would  quickly  return  to  its  'DC  only' 
level . 

The  observations  made  with  the  magnet  and  microwave 
pulse  were  only  qualitative.  Their  purpose  was  to  help 
satisfy  the  assumption  that  the  observed  IV-C  were  cathode 
sheath  dominated. 
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V.  Analysis  and  Conclusion 


The  purpose  of  this  section  is  to  analyze  the  data 
taken  in  terms  of  the  two  models  presented  in  the  theory 
section.  Also,  the  assumptions  that  were  outlined  in 
Model  I  will  be  examined.  The  analysis  will  be  divided 
into  three  parts  which  will  look  at  the  three  basic  kinds 
of  data  taken.  First,  the  data  taken  with  the  first 
discharge  tube  will  be  analyzed.  Second,  the  DC  measure¬ 
ments  in  the  longitudinal  discharge  tube  will  be  con¬ 
sidered.  Finally,  the  pulsed  measurements  will  be  exam¬ 
ined.  Conclusions  that  were  drawn  are  presented  in  each 
of  these  sections  where  appropriate,  with  general  conclud 
ing  remarks  at  the  end. 

The  sequence  of  analysis  follows  that  of  the  actual 
experimental  work  and,  in  that  sense,  follows  the  evolu¬ 
tion  of  the  thinking  and  understanding  of  the  problem, 
in  addition,  in  this  section,  license  will  be  taken  to 
mention  qualitative  observations  that  may  support  con¬ 
clusions  drawn  in  the  analysis  or  be  of  value  in  future 
analysis  or  experimental  work.  This  section  does  not 
attempt  to  completely  exercise  the  theory  of  Model  II  or 
test  its  validity. 

Initial  Data,  He  and  He-N 


preliminary  only  and  to  test  the  apparatus.  However, 
even  though  the  cathodes  melted  prior  to  use  with  the 
argon-nitrogen  mixtures,  there  is  still  some  valuable 
information  in  the  X-V  characteristics  that  were  taken. 

From  the  X-V  characteristics  for  10%  nitrogen  in 
helium.  Figure  16,  a  definite  increase  in  slope  is  ob¬ 
served  with  increasing  microwave  power.  The  volume 
between  the  electrodes  of  the  discharge  is  analogous  to 
an  ionization  chamber  in  which  the  amount  radiation  is 
measured  by  the  current  produced  when  the  ion-electron 
pairs  are  swept  out  by  the  application  of  a  DC  potential. 
In  this  experiment,  the  microwaves  are  prlviding  ion- 
electron  pairs  between  the  electrodes  and  the  measured 
current  is  proportional  to  the  quantity  of  carriers  avail¬ 
able  for  conduction.  The  current  for  this  set  of  curves 
follows  equation  (37)  from  Model  I 

I  -  n@  e  W  A  (77) 

Xn  order  to  test  the  model,  established  values  of 

drift  velocity  were  used  to  calculate  the  electron  number 

density  from  the  current.  The  area  of  the  electrodes  was 

approximated  tj  be  21.2  cm2.  Values  of  drift  velocity  W 

for  electrons  in  10%  nitrogen  in  helium  were  supplieid  by 

Garscadden  (Ref  16).  Using  these  values,  it  was  found 

10  _  -> 

that  the  electron  density  was  approximately  1  x  10  cm 
and  increased  slightly  with  E/N.  This  slight  increase 


in  density  with  E/N  was  about  1  x  1010  in  one  Td.  This 
was  not  expected  and  may  have  been  due  to  way  the  higher 
values  o£  drift  velocity  were  extrapolated  from  the  the¬ 
oretical  values  supplied.  The  relative  magnitude  of  the 
electron  density  was  about  that  expected.  Electron 
densities  of  about  1 0 10  had  been  previously  reported  for 
similar  microwave  discharges  (Ref  24)  . 

The  zero  current  cross-over  point  on  the  voltage 
axis  (Figure  16)  was  constructed.  The  data  for  this 
curve  was  taken  without  a  zero  current  (discharge  off) 
reference.  Later  data  taken  shows  that  the  vertical 
axis  should  fall  to  the  right  of  the  zero  cross-over 
points  for  all  of  the  curves  in  Figure  16  as  it  does  in 
Figure  17.  Figure  17  shows  two  I-V  curves  taken  at  the 
same  power  but  separated  in  time.  The  zero  cross-over 
here  occurs  at  the  same  point.  This  shift  left  (to 
negative  voltages)  for  the  zero  cross-over  is  believed  to 
be  due  to  the  effects  of  field  asymmetry  due  to  the 
presence  of  the  (near)  grounded  electrode  in  the  discharge 
combined  with  diode  action  of  the  cathode  sheath. 

This  bias  current  would  be  proportional  to  the  elec¬ 
tric  field  strength  and  thus  to  the  amount  of  input 
power . 

The  increase  in  conductivity  shown  in  Figure  17  is 
probably  due  to  the  increased  plasma  temperature. 


Temperature  measurements  taken  with  a  thermometer  against 
the  outside  of  the  discharge  tube  near  the  electrodes  had 
shown  temperature  rises  of  20  to  30  degrees  centigrade. 
Besides  having  a  hotter  plasma,  this  would  translate  into 
a  decrease  in  the  total  number  density  within  the  dis¬ 
charge  tube,  raising  the  E/N. 

DC  Characteristics  in  the  Longitudinal  Tube 

In  a  microwave  discharge,  ionization  is  supplied  by 
the  microwave  field  interaction  with  the  free  electrons. 

As  long  as  the  discharge  is  uniform  and  there  are  suf¬ 
ficient  electrons  generated  throughout  the  volume.  Model  I 
predicts  that  a  current  will  follow  the  drift  velocity 
increase  with  E/N.  At  high  values  of  E/N,  electrons  may 
be  swept  out  of  a  region  before  they  can  participate  in 
ionization.  The  region  of  the  cold  cathode  (which  does 
not  produce  electrons)  can  become  void  of  electrons  and 
thus  fail  to  generate  additional  electron-ion  pairs. 
Instead  of  a  neutral  plasma  throughout  the  volume,  a 
region  around  the  cathode  called  the  cathode  sheath 
develops  with  only  positive  charges  (ions).  Figure  4. 

In  this  thin  cathode  sheath  the  production  of  ion- 
electron  pairs  occurs  near  the  edge  of  the  positive 
column.  The  current  in  the  cathode  sheath  then  is  ac¬ 
complished  by  the  elections  and  ions  near  the  positive 
column  boundary  but  reduces  to  only  positive  ion  current 
near  the  cathode  as  the  electron  density  drops  to  near 


The  sheath  development  can  be  seen  in  the  current- 
voltage  characteristics  where  the  initial  slope  (electron 
dominated)  begins  to  decrease  to  almost  horizontal  (posi¬ 
tive  ion  dominated  in  the  sheath)  (see  the  four  micro¬ 
second  pulse  measurements  in  the  appendix) .  The  transi¬ 
tion  between  the  two  reflects  the  decreasing  role  of  the 
electrons  as  current  carriers  in  the  sheath  as  this  role 
is  taken  over  by  the  positive  ions. 

As  the  DC  voltage  is  increased  across  the  electrodes, 
cathode  sheath'  limiting  occurs  at  about  10  to  15  volts  for 
the  mixture  of  10%  N-He  at  4  torr  (Figure  18) .  An  in¬ 
crease  in  voltage  shows  no  corresponding  increase  in  cur¬ 
rent  until  the  voltage  is  about  175  volts.  In  this  region 
a  visible  increase  in  cathode  surface  involvement  was  ob¬ 
served  causing  a  'jump'  in  the  current.  Also,  in  this 
region  (of  voltage)  the  electric  field  in  the  cathode 
region  is  becoming  sufficient  to  cause  Townsend  ioniza¬ 
tion.  Townsend  ionization  within  the  cathode  sheath  re¬ 
sults  in  a  dramatic  increase  in  the  positive  ion  density 
and  corresponding  increase  in  the  discharge  current.  The 
slope  of  the  I-V  characteristic  increases  accordingly. 

To  estimate  the  electric  field  strength  in  this 
region,  equation  (66)  is  used  to  calculate  the  cathode 
sheath  thickness.  Equation  (67)  is  substituted  in  for 
eVineoA  ,  then. 
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Substituting  the  current  at.  saturation  for  I,  1470  for  y. 


and  the  cathode  surface  area  for  A. 
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For  values  of  V  ,  the  voltage  where  I  becomes  saturated  is 
c 

subtracted  from  vappiie(j*  Looking  then  at  17  5V,  this 

becomes  175-15  »  V  and  b  becomes 
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and  the  electric  field  is 
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Using  this  value  of  electric  field  in  Townsend's  equation 


for  a 
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A  and  B  are  empirically  determined  constants  where 
A  “  13.6  and  B  «  235  (Ref  25:149),  this  becomes 
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As  the  values  of  E/N  approaches  (2.83*235)  the  a  term 
becomes  significant  and  ionization  is  increased  in  the 
cathode  sheath  region,  adding  to  the  current  conduction. 
This  accounts  for  the  sharp  rise  in  current  around  175 
volts  in  Figure  18. 

Saturation  was  experienced  for  this  tube  for  an  E/N 
on  the  order  of  about  0.3  to  0.4  Td.  This  is  consider¬ 
ably  lower  than  the  E/N's  experienced  in  discharge  tube  I 
where  saturation  effects  were  not  observed.  The  differ¬ 
ence  probably  has  to  do  with  the  type  of  cathode  used  in 
the  second  tube.  The  actual  cathode  surface  is  not  well 
defined  for  this  tube.  Ionization  was  observed  within 
the  cathode  cylinder  and  this  was  assumed  to  be  the 
primary  cathode  surface.  In  this  region,  however,  the 
microwave  intensity  was  probably  considerably  reduced. 
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This  would  account  for  the  cathode  sheath  formation  at 


the  lower  E/N. 


Pulse  Characteristics 

The  saturation  limiting  due  to  the  cathode  sheath 
effects  were  also  observed  in  the  pulsed  measurements.  In 
addition  to  the  saturation  effects  with  increasing  DC 
voltage  applied  to  the  discharge,  there  was  a  peak  at  the 
leading  edge  of  the  current  pulse.  This  peak  at  the  lead¬ 
ing  edge  would  appear  when  the  di/dv  of  the  I-V  curve 
began  to  decrease,  indicating  the  onset  of  the  sheath. 

The  values  of  the  peaks,  measured  at  0.4  usee,  were  plotted 
against  their  corresponding  voltage  (and  E/N) ;  see  ap¬ 
pendix  . 

In  order  to  analyze  these  leading  peaks  it  was  as¬ 


sumed  that  during  this  time  (<  0.5ysec)  the  cathode  sheath 

had  time  to  completely  form  to  its  limiting  value.  Using 

the  theoretical  values  of  drift  velocity  (Ref  16) ,  the 

electron  number  density  was  calculated  from  equation  (37) 

from  Model  I,  I  ■  n_  W  e  A.  The  value  of  A  used  was  the 

e 

2 

cross-sectional  area  of  the  discharge  tube,  2.27  cm  . 

The  values  of  electron  density  were  found  to  be  nearly 
constant  even  as  the  current  and  drift  velocity  varied 


as  much  as  50  per  cent.  The  electron  densities  were  on 
the  order  of  5-11  x  10^°  cm”3  for  the  data  runs  at  one 
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densities  were  in  line  with  those  found  earlier  in  discharge 
tube  1 . 

When  the  power  meters  were  read,  it  was  found  that 
there  were  measurable  amounts  of  reflected  power  (5-15 
watts)  for  the  argon,  1%N-A,  and  0.1%N-A  gas  mixtures 
only.  From  the  conditions  for  reflection  (Ref  17:141), 

"the  electron  density  to  which,  at  normal  incidence  radia¬ 
tion  of  f  ■  (i)/2n  penetrates,  before  reflection"  can  be 


found  from 


/n*  * 


/M  €9  to1 


(87) 

(Ref  16:141) 
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These  values  were  exceeded  by  the  argon  and  argon-nitrogen 
mixtures  (1  and  0.1%)  at  both  one  and  four  torr.  However, 
the  9.82%N-A  mixture  (which  gave  no  measurable  reflections) 
had  a  density  of  only  around  5  x  1010  cm  3. 

The  values  of  electron  density  calculated  from  the 
current  peaks  also  show  a  slight  decrease  (about  10%  per 
Td)  with  increasing  E/N.  This  could  possibly  be  due  to 
a  more  rapid  sheath  formation  with  high  E/N,  assuming 
the  theoretical  values  of  drift  velocity  are  accurate. 

The  exact  leading  edge  of  the  pulse  could  not  be  de¬ 
termined  with  accuracy  due  to  noise,  so  the  measurements 
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at  times  less  than  0.4  ysec  into  the  pulse  would  not  have 
been  reliable.  If  this  had  not  been  the  case,  it  may  have 
been  possible  to  measure  nearer  the  leading  edge.  It  is 
not  known  if  this  would  have  shown  a  more  constant  electron 
density . 

The  I— V  characteristic  for  0.1%  N-A  mixture  at  four 
torr  was  analyzed  in  the  saturation  region.  The  electron 
density  was  assumed  to  be  constant  at  1.43  x  1011,  the 
value  that  was  calculated  from  the  pulse  peak.  The  drift 
velocity  calculated  for  this  density  was  4.2  -  4.39  x  10^. 
The  reduced  electric  field  was  approximated  from  Figure  1 
to  be  about  0.4Td  which  translates  to  a  voltage  of  18 
volts.  Since  the  current  used  in  this  calculation  corre¬ 
sponded  to  a  voltage  of  41. 5v,  approximately  23  volts  had 
to  be  dropped  in  the  cathode  sheath  region.  This  shows 
that  as  the  applied  voltage  is  increased  beyond  the  satura¬ 
tion  point,  there  is  an  increase  in  voltage  drop  across 
the  cathode  sheath  with  a  subsequent  increase  in  the  elec¬ 
tric  fields  there. 

Conclusions 

The  uniform  plasma  and  negligible  sheath  effects  as¬ 
sumed  for  Model  I  were  clearly  not  met  in  discharge  tube 
II.  Whether  they  would  have  been  in  tube  I  has  not 
clearly  been  determined.  The  asymmetry  of  the  I-V  char¬ 
acteristic  curve  may,  however,  point  to  the  formation  of 
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a  sheath  but  its  fully  developed  effects  were  not  observed 
The  requirement  that  the  mean  free  path  be  smaller  than 
the  plasma  dimensions  is  clearly  met  in  tube  II,  unless 
the  comparison  is  made  to  the  cathode  sheath  thickness. 

For  this  case  to  be  analyzed  it  would  be  necessary  to 
more  clearly  define  the  cathode  sheath  and  develop  a  y 
of  measuring  it.  The  electron  production  rate  is  alw 
greater  than  the  loss  due  to  conduction  with  the  exce  *-  n 
of  the  cathode  region.  Implicit  in  the  development  of  the 
cathode  sheath  is  that  the  external  ionizing  source  loses 
its  production  capability  near  the  cathode  due  to  the  loss 
of  the  free  electrons  required  by  microwave  excitation. 

The  saturation  predicted  in  Model  II  for  a  cathode 
sheath  dominated  discharge  was  observed.  The  author  was 
not  able,  however,  to  use  the  model  for  any  deeper  analysi 
and  predictions. 

The  pulse  measurements  may  provide  the  drift  velocity 
dependence  on  E/N  for  a  microwave  discharge  providing  the 
measurement  time  is  short  enough  that  the  cathode  sheath 
has  not  been  fully  developed.  This  should  be  approached 
with  caution,  however,  since  the  sheath  formation  time 
may  be  related  to  the  use  of  the  hollow  cathode,  long 
positive  column,  or  some  other  unpredictable  coincidence. 

It  is  clear  that  the  microwave  discharge  will  provide 
a  volume  discharge  that  may  see  possible  application  in 
pulse  power  switches.  The  ionization  dependence  on  free 


electrons  implies  that  there  will  always  be  sheath  effects 
with  cold  cathode  configurations.  This  may  be  circum¬ 
vented  by  a  hot  cathode,  but  it  may  not  require  the  same 
kind  of  emission  rates  that  would  be  necessary  in  a  tube 
without  microwave  excitation. 

This  experiment  certainly  does  not  rule  out  the 
possibility  of  using  the  microwave  sustained  discharge  to 
search  out  parameter  ranges,  for  gases  which  would  be  more 
difficult  on  a  more  complicated  apparatus.  It  does  point 
out  that  the  discharge  has  some  effects  which  must  be 
taken  into  account  such  as  cathode  sheath  effects,  plasma 
heating,  and  the  asymmetrical  field  problems.  This  exper¬ 
iment  is  merely  a  short  step  in  that  direction. 
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VI. 


Recommendations 


Recommendations  for  future  work  in  this  area  can 
follow  at  least  two  directions.  One  is  that  of  circumvent 
ing  the  cathode  sheath  effects  of  the  cold  cathode  dis¬ 
charge  in  order  to  get  at  the  relationship  of  the  drift 
velocity  and  E/N.  This  would  probably  be  most  easily  ac¬ 
complished  by  using  a  hot  cathode  supply  for  the  conduc¬ 
tion/production  electrons.  The  other  possibility  is  to 
investigate  the  cathode  sheath  effects  more  completely 
for  the  microwave  sustained  discharge.  This  could  include 
a  more  complete  theoretical  analysis  and  a  computer  model. 

In  order  to  repeat  or  extend  this  study,  an  inde¬ 
pendent  measurement  of  the  electron  density,  perhaps 
spatially  and  temporally,  would  be  of  great  help  in  the 
analysis.  To  gain  a  better  grasp  of  the  effects  at  higher 
E/N  would  require  a  higher  power  (voltage)  generator  with 
a  low  internal  impedance.  The  wave  shape  of  the  generator 
should  be  considered  for  an  idealized  square  pulse  that 
would  allow  more  careful  examination  of  the  sheath  forma¬ 
tion  process  occurring  at  the  beginning  of  the  pulse  and 
events  immediately  following  the  turn  off  of  the  pulse. 

The  injection  of  a  microwave  pulse  in  the  cathode 
region  during  the  pulsed  current  measurements  gave  in¬ 
teresting  results.  Again,  sharp  rise  and  fall  charcter- 
istics  would  enable  measurements  of  some  important 


processes  such  as  recombination.  The  power  going  into 
ionization  is  important  and  accurate  power  monitors, 
sensitive  in  the  operating  range  (power),  are  necessary. 

It  is  also  recommended  that  pulsed  measurements  be  con¬ 
sidered  if  the  microwave  power  fluctuates  with  power 
supply  or  line  frequency  ripple. 

With  the  possibility  of  temperature  of  the  plasma  or 
electrodes  playing  a  role  in  the  observations,  some  means 
of  monitoring  temperature  should  be  used.  A  cathode  with 
a  better  defined  surface  area  should  be  used.  And, 
finally,  the  effects  of  field  asymmetry  due  to  near  ground 
electrodes  must  be  considered  or  eliminated. 
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APPENDIX 


Pulsed  Current-Voltage  Characteristics 
for  Discharge  Tube  XI 


Current  at 


Pulsed  I-V  Characteristics  for  Discharge 


Figure  20.  Pulsed  I-V  Characteristics  for  Discharge  Tube  II  (0.5  torr) 


Current  at  4  usee  Pressure  1.0  torr 

a  IOO96  Argon 


Figure  22.  Pulsed  I-V  Characteri sties  for  Discharge  Tube  II  (l.Otorr) 


Figure  23.  Pulsed  I-V  Characteristics  for  Discharge  Tube  II  (1.0  torr) 


Current  at  4  usee  Pressure  1.0  torr 


Characteristics  for  Discharge  Tube  II  (1.0  torr) 


Current  at  4  usee  Pressure  4  torr 


ure  25.  Pulsed  I-V  Characteristics  for  Discharge  Tube  II  (4.0  torr) 


usee 


Figure  26.  Pulsed  I-V  Characteristics  for  Discharge  Tube  II  (4.0  torr) 


Figure  27*  Pulsed  I-V  Characteristics  for  Discharge  Tube  II  (4.0  torr) 
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